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In all animal cells the ionic composition of the cytosolic fluid and extracellular 
compartments differ considerably. The plasma membrane forms an efficient barrier for these 
ions and therefore numerous membrane proteins play a role in the transport of these ions 
across the plasma membrane. Sometimes ions are transported against the electrochemical 
gradient, a process that is referred to as active transport. Examples of such membrane proteins 
are the enzymes belonging to the family of P-type ATPases. These enzymes use the energy 
released by the hydrolysis of ATP to drive the transport process. The sodium pump (Na+,K+-
ATPase) that belongs to the family of P-type ATPases takes care of transport of Na+ and K+ 
across the plasma membrane. Related membrane bound ATPases have been isolated as for 
example the gastric H+,K+-ATPase and several Ca2+-ATPases. These enzymes have many 
structural and functional similarities with the Na+,K+-ATPase but differ in cation specificity. 
The highest similarity is found between Na+,K+-ATPase and gastric H+,K+-ATPase.  
 
 
HISTORICAL PERSPECTIVE AND PHYSIOLOGICAL PROPERTIES 
 
The mammalian stomach is able to secrete large amounts of hydrochloric acid. This 
acid secretion represents a single event in a complex system that allows higher organisms to 
regulate their nutritional intake. For more than a century the acidification process present in 
the stomach has intrigued scientists. In 1977 it was found that gastric acid secretion was not a 
continuous process (Beaumont 1977). It was deduced that acid secretion is turned on and off, 
meaning that this process has to be regulated. Dibona (1979) and Berglindh (1980) showed 
that the gastric parietal cell is involved in the process of acid secretion. About 30 years ago 
the knowledge on acid secretion and the involved regulatory mechanisms began to emerge, 
and led to the discovery of the key player involved in this acid secretion: the gastric H+,K+-
ATPase. 
In 1974 Durbin et al. proved that ATP could act as a direct energy source for acid 
secretion in the parietal cell. Furthermore it was observed that the presence of K+ was 
necessary for H+ secretion (Sedar and Wiebelhaus 1972). The link between the ATPase 
activity and H+-transport was made by the observation that addition of ATP to closed gastric 
membrane vesicles induced an alkalinisation of the medium, indicating proton uptake by the 
vesicles (Lee et al. 1974). Finally, it was found that the H+ accumulation in the vesicles was 
the result of ATP driven exchange of intravesicular K+ for H+ (Sachs et al. 1976; Saccomani 
et al. 1977).  
Acidification of the stomach has a double function. Firstly, an acid medium is 
necessary for the transformation of gastric proteolytic enzymes from their inactive to the 
active state. The second function of the acidification is the protection of the gastrointestinal 
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tract against a bacterial invasion. Few peptides survive such an acidic environment of pH 2 as 
that created in the stomach. Given these considerations the site of acid secretion must be 
highly adapted and therefore contains specialised membranes and proteins. The gastric 
mucosa is formed by a monolayer epithelium containing many gastric glands that mainly 
contain four distinct cell types as depicted in figure 1. Golgi (1893) postulated that the gastric 
Figure 1. Simplified diagram of the gastric gland present in the mammalian stomach. The 
gastric gland mainly contains four distinct cell types among which the parietal cell, which is very
rich in mitochondria and functions mainly as acid secreting cell. The tubulovesicular system and
the apical membrane of these cells contain the enzyme: gastric H+,K+-ATPase. This enzyme plays
a crucial role in the secretion of gastric acid, thereby generating a pH gradient of more then 6 units
across the secretory membrane (Ganser and Forte 1973). Upon stimulation of the gastric parietal
cell large morphological changes can be observed. In a resting parietal cell the enzyme is mainly
located in the tubulovesicular system. When these cells become stimulated the vesicles fuse with
the apical secretory membrane leading to an activation or insertion of K+ and Cl- pathways 
(Demarest and Loo 1990). The parietal cells retain this stimulated shape as long as the stimulus is
present. After withdrawal of the stimulus the surface of the apical membrane decreases to its
normal resting state (Courtois-Coutry et al. 1997). The surface (mucus) cells line the opening of the
gastric gland and have a function in protecting the stomach against its own secreted acid. To
protect the stomach these cells secrete the mucus that serves as a barrier against the HCl. Finally,
the chief cell or peptic cell, which is involved in the synthesis, storage, and secretion of pepsinogen 
into the lumen of the stomach. Due to the acid environment in the stomach, the biologically inactive
pepsinogen is transformed to its active counterpart pepsin, which has an important function in the























parietal cell was the source of acid. The tubulovesicular system and the apical membrane of 
these cells contain the enzyme: gastric H+,K+-ATPase. Gastric acid secretion is regulated by a 
variety of stimuli, such as histamine, gastrin and acetylcholine (Forte et al. 1989; Hersey and 
Sachs 1995;  Hirschowitz et al. 1995;  Urushidani and Forte 1997). Upon stimulation of the 
gastric parietal cell large morphological changes can be observed. In a resting parietal cell the 
enzyme is mainly located in the tubulovesicular system. When these cells become stimulated 
the vesicles fuse with the apical secretory membrane leading to an activation or insertion of 
K+ and Cl- pathways (Wolosin 1985; Forte et al. 1989; Demarest and Loo 1990).  
Cloning of the rat gastric H+,K+-ATPase by Shull and Lingrel (Shull and Lingrel 1986) 
indicated a similar primary structure of gastric H+,K+-ATPase to that of Na+,K+-ATPase. This 
facilitated various studies towards the structure-function relation using molecular biological 
approaches. These studies were possible after functional expression of gastric H +,K+-ATPase 




Figure 2 shows a simplified structure of the gastric H+,K+-ATPase that contains two 
distinct subunits and functions in the exchange of H+ ions from the cytosol against K+ ions in 
the lumen. The energy needed for this transport is delivered by the hydrolysis of ATP. This 
section will discuss the main structural characteristics in more detail. 
In 1986 the primary structure of the rat α-subunit of gastric H+,K+-ATPase was 







Figure 2. Schematic model of the gastric H+,K+-ATPase.
 This enzyme consists of two distinct
subunits indicated by α and β. The α-subunit or catalytic subunit functions in ion exchange and
hydrolyses ATP to obtain the energy for this transport process. However, without the presence
of the β-subunit no functional enzyme can be obtained. 
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other species like pig (Maeda et al. 1988a), human (Maeda et al. 1990;  Newman et al. 1991), 
rabbit (Bamberg et al. 1992), dog (Song et al. 1992a), mouse (Mathews et al. 1995) and frog 
(Mathews et al. 1995). The rat gastric H+,K+-ATPase α-subunit counts 1033 amino acid 
residues and shares a 98% homology with other mammalian gastric H+,K+-ATPase α-
subunits. A molecular mass of about 114 kDa is calculated from each sequence (Shull and 
Lingrel 1986; Maeda et al. 1988a). The primary structure of the catalytic α-subunit of gastric 
H+,K+-ATPase, shows 62% homology with the related α1-subunit isoform of Na+,K+-ATPase 
(Shull and Lingrel 1986), and approximately 24% homology with the SERCA Ca2+-ATPases 
(MacLennan et al. 1985). With other related ATPases a lower homology is observed like for 
example 14-17% with H+-ATPases originating from Neurospora crassa and yeast (Rabon and 
Reuben 1990). With respect to the high homology between the α-subunits of H+,K+-ATPase 
and Na+,K+-ATPase in combination with the gene structure similarity and chromosomal 
localisation the idea rose that the α-subunit of gastric H+,K+-ATPase evolved by gene 
duplication of the α3 Na+,K+-ATPase gene (Maeda 1994).  
The structural organisation of the transmembrane domains in H+,K+-ATPase, Na+,K+-
ATPase and Ca2+-ATPase (P2-type ATPases) is similar. Until recently the number of 
transmembrane domains present in the H+,K+-ATPase and related ATPases was unclear. The 
hydropathy plots calculated according to the method of Kyte and Doolittle (1982) indicated 
that the α-subunit has 7-10 transmembrane segments (Shull and Lingrel 1986; Maeda et al. 
1988a). Both N and C terminal ends of the catalytic subunit are located at the cytosolic side, 
indicating that the number of transmembrane segments must be even (Scott et al. 1992). The 
first four transmembrane segments located in the N-terminal third of the protein are clearly 
defined by the hydropathy plots. Furthermore their existence was demonstrated by proteolysis 
and in vitro expression experiments (Besancon et al. 1993; Bamberg and Sachs 1994). The 
number of other transmembrane segments, located in the C-terminal third of the protein, is 
more ambiguous. Four to six transmembrane segments are present in this region of the protein 
(Sachs et al. 1992a; Besancon et al. 1993;  Kikuchi et al. 1993). By using several techniques, 
such as trypsinisation and peptide sequencing, biochemical labelling and in vitro translation it 
is assumed that there are six transmembrane domains in the C-terminal part and thus that the 
α-subunit of gastric H+,K+-ATPase possesses ten transmembrane segments (Sachs et al. 
1992b; Besancon et al. 1993;  Shin et al. 1994; Goldshleger et al. 1995). In addition, analysis 
of frozen hydrated tubular crystals of Ca2+-ATPase and yeast H+-ATPase support the presence 
of ten transmembrane segments (Kuhlbrandt et al. 1998; Zhang et al. 1998; Auer et al. 1999;  
Stokes et al. 1999). The most detailed structures available are those of the related Ca2+-
ATPase at 8 Å resolution based on cryoelectron microscopy of these crystals. These studies 
reveal the overall shape of these proteins and the presence of 10 transmembrane α-helical rods 
most of which are tilted at an angle to the membrane (Kuhlbrandt et al. 1998; Zhang et al. 
1998; Scarborough 1999). The membrane topology of gastric H+,K+-ATPase was studied by 
Fourier transform infrared spectroscopy (FTIR) after proteolytic degradation of the protein by 
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proteinase K. After this treatment, however, still 55% of the native protein was membrane 
associated. These studies indicate that the membrane associated domains of the α-subunit 
possess about 35% α-helices, 35% β-sheets, 20% turns and 15% random structures (Raussens 
et al. 1997;  Raussens et al. 1998). The amount of α-helix is sufficient for 10 transmembrane 
segments present in this conformation.  
The α-subunits of gastric H+,K+-ATPase are like other P-type ATPases characterised 
by a large intracellular loop of approximately 400 amino acids located between 
transmembrane domains four and five (figure 3). This large intracellular loop possesses the 
phosphorylation site Asp386. It has been suggested that the region between the 
phosphorylation site and transmembrane domain four, transmits conformational changes 
between the luminal and cytoplasmic domains (Shull et al. 1985). Nearby the catalytic ATP 
binding site other characteristic sites are found namely: the pyridoxal phosphate binding site 










Figure 3. Model for the transmembrane organisation of the gastric H+,K+-ATPase α- and β-
subunit. The α-subunit (black) contains ten transmembrane segments. Within the large
intracellular loop between transmembrane segments four and five ATP binding takes place
resulting in a phosphorylation of the enzyme on a conserved aspartate residue. The β-subunit
(gray) only contains one transmembrane domain and is characterised by six potential N-
glycosylation sites indicated by the triangles. Six conserved cysteine residues are able to form




fluorescein isothiocyanate (FITC) binding site Lys518 (Jackson et al. 1983; Tai et al. 1989; 
Bayle et al. 1992; Adamo et al. 1996; Tsuda et al. 1998b). Furthermore this cytosolic loop 
contains a Cys673 and Lys736, which corresponding amino acid residues, in Na+,K+-ATPase 
can be modified by the ATP site directed probe fluorosulfonylbenzoyl adenosine (FSBA) 
(Ohta et al. 1986). There is a moderately large (140 amino acids) intracellular loop between 
the second and the third transmembrane domains. The two extracellular loops in the N-
terminal region are very small.  
In contrast to the monomeric H+-ATPases and Ca2+-ATPases both gastric H+,K+-
ATPase and Na+,K+-ATPase are heterodimers consisting of a catalytic α-subunit and a highly 
glycosylated β-subunit (figure 3). One of the first observations that a functional gastric H+,K+-
ATPase is not a monomer of the catalytic subunit, but a heterodimer of the catalytic subunit 
and another protein, was made with radiation inactivation studies of frozen H+,K+-ATPase 
(Rabon et al. 1988). Further indications were obtained by cross-linking analysis of C12E8 
solubilized H+,K+-ATPase, which exhibited ATPase and phosphatase activities as well as 
ligand affinities comparable to the native enzyme (Rabon et al. 1990). Immunoprecipitation 
experiments indicated the presence of the β-subunit composed of a single 60-80 kDa 
glycoprotein that co-precipitated with the α-subunit (Okamoto et al. 1990). Further evidence 
clearly showed an essential role of the β-subunit: functional expression of this enzyme was 
only possible if both α- and β-subunits were co-expressed (Klaassen et al. 1993). In 1990, the 
cDNA sequences of the β-subunit of rat (Canfield et al. 1990;  Shull 1990) and rabbit (Reuben 
et al. 1990) gastric H+,K+-ATPase were published. Later several reports appeared on the β-
subunits present in several other species (Canfield and Levenson 1991;  Ma et al. 1991;  
Shyjan et al. 1991;  Song et al. 1992b;  Yu et al. 1994). From the cDNA sequence a molecular 
mass was calculated of approximately 34 kDa. However, on an SDS polyacrylamide gel an 
apparent molecular weight of 60-80 kDa was observed, which could be explained by the 
glycosylation of seven potential N-glycosylation sites (six for the pig sequence).  
Almost all of the N-glycosylation sites are conserved among different species 
(Canfield et al. 1990; Reuben et al. 1990; Shull 1990; Toh et al. 1990; Ma et al. 1991; Asano 
et al. 2000). Two of these sites are also conserved in the β1- and β2-subunits of Na+,K+-
ATPase, which have 3 and 8 to 9 potential sites, respectively. All of the potential N-
glycosylation sites present in the rabbit H+,K+-ATPase β-subunit are fully modified with 
carbohydrate chains (Chow and Forte 1993; Tyagarajan et al. 1997). For the gastric H+,K+-
ATPase this glycosylation is essential for a functional enzyme (Asano et al. 2000; Klaassen et 
al. 1997). Removal of any one of the potential N-glycosylation sites by site directed 
mutagenesis retained the H+,K+-ATPase activity (Asano et al. 2000). Progressive removal of 
carbohydrate chains showed a cumulative loss of the H+,K+-ATPase activity that was 
abolished when glycosylation was completely absent (Asano et al. 2000). It has been 
suggested that glycosylation of the β-subunit plays a role in the adaptation of the H+,K+-
ATPase to the acidic environment of the stomach (Tyagarajan et al. 1996). 
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The β-subunit of both H+,K+-ATPase and Na+,K+-ATPase are characterised by the 
presence of six conserved cysteine residues in the extracellular domain that form three 
disulfide bonds (Kirley 1990; Chow et al. 1992). These disulfide bonds are important for the 
protein folding and for the maintenance of ATPase function, which is illustrated by the loss of 
ATPase activity by the reduction of the disulfide bonds with dithiothreitol or 2-
mercaptoethanol (Kirley 1990; Chow et al. 1992). Further evidence on the essential role of the 
cysteine residues in Na+,K+-ATPase was provided by site directed mutagenesis of these 
cysteine residues that resulted in an abolished ATPase activity (Noguchi et al. 1994).      
 The identification of the β-subunit raises important questions regarding the functional 
significance of this subunit. The formation of a complex between the α- and β-subunits is 
essential for enzyme activity (Noguchi et al. 1987; Horowitz et al. 1990; Klaassen et al. 1997) 
and occurs before the subunits are transported from the endoplasmic reticulum to the plasma 
membrane (Geering 1991). Recent studies indicate an essential role of the β-subunits of both 
H+,K+-ATPase and Na+,K+-ATPase for correct packing and stable membrane insertion of the 
α-subunits (Ackermann and Geering 1990; Tyagarajan et al. 1995; Beguin et al. 1998;  
Beggah et al. 1999). The membrane insertion process of the gastric H+,K+-ATPase α-subunit 
is characterised by major differences in the mechanisms that govern membrane integration of 
the four N-terminal and the six C-terminal membrane segments. The former segments act as 
alternate signal anchor and signal stop sequences and are sequentially inserted into the 
membrane to form stable membrane pairs. Some of the latter segments need both 
intramolecular interactions and assembly with the β-subunit for correct membrane packing 
and protection against cellular degradation (Beggah et al. 1999). The C-terminal 161 amino 
acids of the Na+,K+-ATPase α-subunit are sufficient for assembly with the β-subunit (Lemas 
et al. 1992). These authors showed that 26 amino acid residues located in the extracellular 
loop between transmembrane domain 7 and 8 are essential for the interaction with the β-
subunit (Lemas et al. 1994). More recently it was demonstrated that only four amino acids 
(SYGQ) in the extracellular loop of the α-subunit between transmembrane segments 7 and 8 
are sufficient for assembly with the β-subunit (Colonna et al. 1997). These four amino acid 
residues are also present in H+,K+-ATPase (Melle-Milovanovic et al. 1998). Hybrids between 
Na+,K+-ATPase and gastric H+,K+-ATPase revealed that both α-subunits have a high 
preference for their own β-subunit, but in addition this study revealed a possible role of the β-
subunit in determining the K+-affinity (Koenderink et al. 1999). Another role of the H+,K+-
ATPase β-subunit concerns reinternalization from the parietal cell plasma membrane into an 
intracellular storage compartment (Courtois-Coutry et al. 1997). Analysis of the transferrin 
receptor internalisation demonstrates that the sequence YXRF (where the X can be any 
residue) is necessary and sufficient for endocytosis of this protein. This motive absolutely 
depends upon the presence of the Tyr residue and can also function when presented in the 
reverse orientation (Girones et al., 1991). The H+,K+-ATPase β-subunit possesses the 
sequence FRHY in its cytoplasmic domain (Gottardi and Caplan 1993). Transgenic mice 
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expressing either the wild type or a mutant form of the β-subunit in which the tyrosine residue 
was substituted by an alanine residue were studied. The latter mice showed a hypersecretion 
of gastric acid and a prolonged presence of H+,K+-ATPase on the plasma membrane 
(Courtois-Coutry et al. 1997). It was concluded that the tyrosine based signal expressed in the 
β-subunit is responsible for the retrieval of H+,K+-ATPase from the cell surface (Courtois-
Coutry et al. 1997).      
 Beside the α- and β-subunit in both H+,K+-ATPase and Na+,K+-ATPase, the presence 
of a γ-subunit in Na+,K+-ATPase has long been discussed. A polypeptide of about 7 kDa was 
reported to be a potential γ-subunit for various vertebrate Na+,K+-ATPases (Mercer et al. 
1993; Beguin et al. 1997). This polypeptide has a single transmembrane domain and is 
colocalised with the α-subunit in the basolateral membrane of some, but not all, renal 
epithelial cells (Mercer et al. 1993). The γ-subunit copurified with the α- and β-subunit, and is 
also part of the cardiac glycoside binding site together with the α-subunit (Mercer et al. 1993). 
In addition this peptide modulates the transport function of the enzyme (Beguin et al. 1997; 
Therien et al. 1997; Arystarkhova et al. 1999; Therien et al. 1999). At this moment a γ-subunit 
analogue in gastric H+,K+-ATPase has not been found.  
 
The catalytic cycle 
The enzymes that belong to the class of P-type ATPases have in common that they 
become phosphorylated during the catalytic cycle. Another common characteristic is that at 
least two conformational states can be defined: E1 and E2. Distinct enzyme conformations 
within the transport cycle were deduced from several type of experiments, including the 
kinetics of phosphoenzyme formation and degradation (Wallmark and Mardh 1979; Wallmark 
et al. 1980; Stewart et al. 1981), the sidedness of the K+ and H+ requirements for H+ transport 
and ATP hydrolysis, proteolytic fragmentation patterns obtained by trypsin digestion under 
different conditions (Helmich-de Jong et al. 1987), and analysis of conformational probes at 
or near the nucleotide binding site (Helmich-de Jong et al. 1986). The reaction cycle that until 
today is used to describe the catalytic behaviour of these enzymes was initially described by 
Post et al (1969; 1972) and Albers et al (1968) and was modified by Karlish et al (1978). At 
present this catalytic model concerning the mechanism of all P-type ATPases is referred to as 
the Post-Albers Scheme (Figure 4). In the catalytic cycle these enzymes alternate between the 
E1 and E2 conformations. The H+,K+-ATPase catalyses an equal exchange of H+ for K+ 
(Ganser and Forte 1973; Lee et al. 1974; Schackmann et al. 1977) that is coupled to the 
formation and hydrolysis of a phosphorylated intermediate (Stewart et al. 1981). The reaction 
scheme shown in figure 4 provides a useful framework for understanding the various 
reactions of this enzyme, but it should only be considered as a working model. The basis 
behind the model is that the sidedness of ion binding depends upon the equilibrium between 
two basic conformations coined to as E1 and E2. While the E1 conformation exposes the ion-
binding sites to the cytoplasm, the E2 form exposes the ion-binding sites to the extracellular 
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space. The transport cycle can be described by the binding of two H+ ions from the 
cytoplasmic side to the E1 form of the enzyme followed by an exchange of two H+ ions for 
two K+ ions from the luminal side of the enzyme when the enzyme is in the E2 conformation. 
This results in transport of H+ ions from the cytosolic to the extracellular side of the 
membrane. Next K+ ions are bound, the enzyme shifts to the original E1 conformation and K+ 
ions are released at the cytosolic side of the membrane. In parallel with the binding of H+ ions 
to the E1 conformation, ATP is hydrolysed and the enzyme becomes phosphorylated on a 
conserved aspartate residue present in the large intracellular loop. The binding of K+ ions 
stimulates dephosphorylation of the phosphorylated intermediate of the enzyme.  
In short, the Post-Albers scheme (Figure 4) reflects a conformational equilibrium 
influenced by various ligands. K+ binding to the enzyme promotes the E2 conformation 
(Jackson et al. 1983; Helmich-de Jong et al. 1986; Helmich-de Jong et al. 1987) that is 
characterised by luminal facing ion sites and low ATP affinity. The E1 conformation presents 
cytoplasmic facing ion sites and exhibits a high ATP affinity. Two H+ ions displace two K+ 
ions in this conformation (Faller et al. 1982; Skrabanja et al. 1987). ATP then phosphorylates 
the E1-H+ enzyme, which is thought to change from a high-energy ADP sensitive E1-H+ 
phosphointermediate to a low energy K+ sensitive E2-H+ phosphorylated form (Helmich-de 












Figure 4. Post-Albers scheme, describing the reaction cycle of gastric H+,K+-ATPase. 
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INHIBITORS   
 
All P-type ATPases can be inhibited by vanadate (Faller et al. 1983; Yamasaki and 
Yamamoto 1991) that reacts with the E2 form of these enzymes. By the binding of vanadate to 
these enzymes the formation of a phosphorylated intermediate is prevented as a result of 
which all enzyme activity is absent. Gastric H+,K+-ATPase activity is specifically inhibited by 
SCH 28080 (3-cyanomethyl)-2-methyl-8-(phenylmethoxy)imidazo[1,2α]-pyridine). This 
specific inhibitor acts as a high affinity K+-competitive (and therefore reversible) inhibitor 
that binds to the E2 form and hereby inhibits any enzyme activity (Keeling et al. 1989).  
Another class of specific gastric H+,K+-ATPase inhibitors is formed by the substituted 
pyridyl methylsulfinyl benzimidazoles. These are acid-activated thiophilic compounds that 
form stable disulfide bridges with cysteines that are accessible from the luminal or acidic 
surface of the pump. These compounds, like for example omeprazole, are covalent 
(irreversible) non K+-competitive inhibitors that are frequently used for treatment of acid 
related diseases (Sachs et al. 1993). Omeprazole has a pKa value of approximately 4 that leads 
to trapping of the inhibitor within the canaliculus of the parietal cell. Due to the acid 
environment at this side, omeprazole is rapidly converted to an active and permanent cationic 
inhibitor of gastric H+,K+-ATPase (Wallmark et al. 1983; Wallmark et al. 1985). The 
activated omeprazole covalently binds to some accessible sulphydryl groups of gastric H+,K+-
ATPase, a process that results in the inhibition of enzyme activity.  
Many studies were performed to answer the question, which regions of this enzyme 
play a role in the binding and inhibition by SCH 28080. To address this question affinity-
labelling and molecular biological techniques were frequently used. Affinity-labelling studies 
indicated that the α-subunit is the primary site of inhibitor binding. Expression of the H+,K+-
ATPase α-subunit with the β-subunit of Na+,K+-ATPase did not reveal any changed inhibitor 
sensitivity, which indicates that the β-subunit has no effect on the inhibitor specificity 
(Koenderink et al. 1999). Photoaffinity labelled analogs of SCH 28080 bind to the 
extracellular loop between the first and second transmembrane domains of gastric H+,K+-
ATPase (Munson et al. 1991). This binding site was hypothesised to be within the loop 
between Gln127 and Asp138, at the edge of the loop 1 segment according to a computer-
generated model (Munson et al. 1991). These findings, however, were not confirmed by 
studies using site directed mutagenesis (Asano et al. 1997). Upon replacement of the luminal 
half of the first transmembrane segment of Na+,K+-ATPase by that of the corresponding 
gastric H+,K+-ATPase domain, this chimeric Na+,K+-ATPase showed a high affinity for SCH 
28080 (Lyu and Farley 1997). This latter finding, however, was not supported by Asano et al. 
(1999), who constructed the same and the opposite chimeras and found no change in SCH 
28080 sensitivity. In addition alanine mutations of all amino acids in the first extracellular 
loop did neither affect the SCH 28080 sensitivity (Asano et al. 1997). These authors 
postulated that Glu820, that was known to be involved in cation-binding, is also directly 
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involved in SCH 28080 binding. Recently new information was gained on the inhibitor 
binding sites by construction of chimeric enzymes that contain the backbone of gastric H+,K+-
ATPase (Koenderink et al. 2000). It was demonstrated that for optimal SCH 28080 binding 
the presence of hairpin M3-M4 and M5-M6 of gastric H+,K+-ATPase is necessary, whereas 
the presence of the N-terminus until amino acid 293 seems to be less important. 
    
CATION-BINDING 
 
The members of the P-type ATPase family: Ca2+-ATPase, Na+,K+-ATPase and H+,K+-
ATPase couple active cation transport to the hydrolysis of ATP. It has been considered that 
their cation recognition sites and transport pathways share a high degree of similarity, but 
differ depending on the cations to be transported. Identification of the amino acid residues 
involved in cation-binding contributes largely to P-type ATPase research. Several techniques 
were used to identify these amino acid residues.  
 
Chemical labelling 
Chemical labelling with or without proteolytic pretreatment, was used to localise 
cation-binding sites. For the Ca2+-ATPase from sarcoplasmic reticulum it was shown that 
binding of dicyclohexylcarbodiimide (DCCD) inhibits both ATPase activity and Ca2+ 
transport. Following trypsin digestion of the [14C]DCCD labelled ATPase most of the 
radioactivity appeared in the transmembrane fragments. Several authors therefore suggested 
that DCCD reacts with the Ca2+ binding site (Pick and Racker 1979; Deancos and Inesi 1988). 
Chemical labelling studies with Na+,K+-ATPase also indicate that carboxylic acids are part of 
the cation-binding sites within the membrane (Arguello and Kaplan 1991; Goldshleger et al. 
1992; Arguello and Kaplan 1994). Additionally, the location of cation-binding sites was 
studied with the aid of proteolytic digestion to remove cytosolic peptides (Karlish et al. 1990). 
For Na+,K+-ATPase this was possible under conditions that stabilised the remaining 
membranous peptide chain, which required the presence of Rb+ (a commonly used K+ 
substitute). Retention of cation-binding was dependent on the presence of a 19 kDa intact C-
terminal fragment together with other membranous fragments in the digest. The presence of 
Rb+ ions protected this 19 kDa fragment and other membrane fragments against further 
digestion. This suggested that these fragments interact as a complex in which the 
transmembrane segments cooperate to occlude the cations (Shainskaya and Karlish 1994; Or 
et al. 1996). Incubation of these fragments at 37°C resulted in a release of transmembrane 
domains five and six in the medium, which was associated with an inactivation of Rb+ 
occlusion (Lutsenko et al. 1995). This implies an important role of transmembrane domains 
five and six in cation-binding. Similar findings were made with gastric H+,K+-ATPase (Gatto 
et al. 1999). All transmembrane domains remain within the membrane in the presence of K+ 
ions following trypsinisation of intact gastric H+,K+-ATPase. Removal of K+ ions from this 
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digested preparation resulted in the selective loss of transmembrane domains five and six 
from the membrane. This indicates that the effect of K+ on the retention of transmembrane 
domains five and six within the membrane is a common feature of the P2-type ATPases. From 
these results an important role of these transmembrane domains in the binding of K+ ions can 
be deduced. Chemical labelling studies on gastric H+,K+-ATPase have identified at least two 
regions that contain residues essential for the overall catalytic activity. Modification of Cys813 
and/or Cys822 and Cys892 by omeprazole and a residue within the M1/M2 extracytoplasmic 
domain by the K+ competitive, photoactive derivative 2,3-dimethyl-8-[(4-
azidophenyl)methoxy]-imidazo[1,2a]pyridine ([3H]MeDAZIP) fully inhibits the gastric 
H+,K+-ATPase (Munson et al. 1991; Besancon et al. 1993; Shin et al. 1993). It was suggested 
that the MeDAZIP binding domain is involved in cation-binding. DCCD also inactivates the 
H+,K+-ATPase activity and its partial reactions that are associated with cation-binding. 
Experiments with [14C]DCCD followed by proteolytic digestion of the enzyme suggest that 
Glu857 within the C-terminal portion of the M7 boundary is essential for cation dependent 
activities (Rabon et al. 1996).      
 
Site directed mutagenesis 
The introduction of the oligonucleotide directed mutagenesis meant a breakthrough in 
the search for these cation-binding sites. In particular negatively charged residues originating 
from glutamate and aspartate were studied with the support of site directed mutagenesis. 
Clarke et al (1989) were the first who used the technique of site directed mutagenesis to study 
the role of these polar residues in type 1a sarcoplasmic reticulum Ca2+-ATPase. They mutated 
oxygen-containing residues located in the transmembrane domains of the enzyme. Upon 
mutagenesis of these residues it was revealed that both Ca2+ transport and ATP dependent 
phosphorylation were abolished (Clarke et al. 1989). The critical residues comprised Glu309 of 
TM4, together with Glu771 of TM5 and Asn796, Thr799 and Asp800 of TM6 in addition with 
Glu908 present in TM8 of the Ca2+-ATPase (SERCA 1a) (Clarke et al. 1989). This latter 
residue present in TM8 of the Ca2+-ATPase (SERCA 1a) is conserved in the gastric H+,K+-
ATPase (Glu936) but not in Na+,K+-ATPase (Val920). The residues in TM4, TM5 and TM6 
have homologous counterparts Glu327, Glu779, Asp804, Thr809 and Asp808 in Na+,K+-ATPase 
(Andersen and Vilsen 1995; Møller et al. 1996) and Glu343, Glu795, Glu820, Thr823 and Asp824 
in gastric H+,K+-ATPase (Møller et al. 1996).  
Studies on Ca2+-ATPase and Na+,K+-ATPase revealed a critical role of several polar 
and in particular negatively charged residues present in the transmembrane domains with 
respect to cation-binding. The corresponding residues present in gastric H+,K+-ATPase were 
likely candidates for cation-binding and subject of several studies.  
A glutamate is present at position 343 located in the fourth transmembrane domain of 
gastric H+,K+-ATPase (figure 5). Substitutions of Glu343 by Asp, Lys or Val abolished SCH 
28080 sensitive K+-stimulated ATPase activity. However, upon replacement by a Gln, about 
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50% of the activity was retained (Asano et al. 1996). This E343Q mutant showed a 10 fold 
decreased affinity for K+ compared with that of the wild type enzyme. These results indicated 
that Glu343 of gastric H+,K+-ATPase is important in determining the K+ affinity. The Na+,K+-
ATPase counterpart of this residue Glu327, was also studied by site directed mutagenesis. 
Substitution with either glutamine or leucine led to functional enzymes, whereas substitution 
with either alanine or aspartate led to inactive enzymes (Vilsen 1993; Jewell-Motz and Lingrel 
1993; Kuntzweiler et al. 1995). In addition of maintaining cell viability in the presence of 
ouabain, the E327L and E327Q mutants were able to transport cations and produced an 
electrochemical gradient. The K0.5 values for Na+ and K+ affinity of these mutants were higher 
than that of the wild type enzyme, which indicates that this residue plays a role in cation-
binding but that the negatively charged glutamic acid is not absolutely essential. Kuntzweiler 
et al. (1995) studied the specific role of Glu327 in more detail by studying the effects of cations 
on [3H]ouabain binding to active but also to inactive mutants. Mutagenesis of Glu327 only 
slightly affected Na+ affinities and Na+-induced conformational changes of the enzyme. K+-
affinities, however, were significantly changed compared to those of the wild type Na+,K+-
ATPase (Kuntzweiler et al. 1995). The effect of substitutions of Glu327 on occlusion was also 
studied. Both E327Q and E327N mutants did no longer occlude Rb+ and Tl+ ions with high 
















Figure 5. Model of the transmembrane domains four, five and six that are likely involved in
the formation of the cation-binding pocket. The negatively charged residues are depicted by
an E: glutamate and a D: aspartate.  
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Glu795 present in the fifth transmembrane domain (figure 5) of gastric H+,K+-ATPase 
was also investigated by site directed mutagenesis (Swarts et al. 1996). Substitution by a 
glutamine resulted in a wild type like behaviour of the enzyme, which suggested that this 
residue is not involved in cation-binding (Swarts et al. 1996). Site directed mutagenesis of the 
corresponding residue Glu779 of Na+,K+-ATPase suggested a more important role of this 
residue than that of its counterpart of gastric H+,K+-ATPase. Substitution of Glu779 with 
leucine led to inactivation (Jewell-Motz and Lingrel 1993), while the E779A, E779D, E779Q 
and E779K mutants could confer ouabain resistant cell growth (Feng and Lingrel 1995; 
Vilsen 1995a; Koster et al. 1996). The ATPase activity of the E779A mutant showed similar 
properties compared to that of the wild type enzyme regarding Na+ stimulated 
phosphorylation (Arguello et al. 1996). Surprisingly this E779A mutant showed an increased 
Na+-ATPase activity (in the absence of K+) compared to that of the wild type enzyme. As a 
result of the increased Na+-ATPase activity the steady state phosphorylation levels were 
decreased compared to those of the wild type enzyme (Vilsen 1995a; Koster et al. 1996). 
Electrogenic studies on this mutant indicated the presence of a Na+-Na+ exchange process. For 
the wild type enzyme a voltage dependent ATPase activity was determined. The E779A 
mutant, however, was voltage independent. From these results it was concluded that Glu779 
may be part of an access channel for extracellular cation-binding to Na+,K+-ATPase 
determining the voltage dependence of ion transport by the Na+,K+-ATPase (Arguello et al. 
1996). Nielsen et al showed that the E779Q mutant showed a 3-fold decreased high affinity 
occlusion of Rb+ and Tl+ ions, whereas Tl+ occlusion was abolished in the E779D mutant. 
This suggests an important role of this residue in high affinity occlusion of K+ (Nielsen et al. 
1998). 
The sixth transmembrane domain contains two negatively charged residues: Glu820 and 
Asp824 (figure 5). Mutagenesis of Asp824 to an Asn (Swarts et al. 1996) results in an enzyme, 
which lacks all activity, although expression levels were comparable to other still active 
mutants. It is possible that this residue is essential for the binding of H+-ions, and thus amino 
acid substitution affects phosphorylation from ATP. Site directed mutagenesis of Glu820 of 
gastric H+,K+-ATPase revealed an important role for this residue in cation-binding. 
Substitution of this residue by a Gln results in an enzyme that could become phosphorylated 
by ATP but showed neither a K+-stimulated ATPase activity nor a K+-activated 
dephosphorylation of the phosphorylated intermediate (Swarts et al. 1996). Asano and co-
workers (1996) showed that substitution of Glu820 by an Asp decreased the K+ affinity in the 
ATPase reaction. The sixth transmembrane domain of Na+,K+-ATPase contains the negatively 
charged residues Asp804 and Asp808 that are analogous to the above described Glu820 and 
Asp824 of gastric H+,K+-ATPase. All introduced substitutions of Asp804 (Leu, Ala, Asn and 
Glu) resulted in enzyme preparations that could not confer ouabain resistant cell growth 
(Jewell-Motz and Lingrel 1993; Vilsen 1995a; Kuntzweiler et al. 1996; Van Huysse et al. 
1996). These mutants could be phosphorylated by ATP and were able to bind ouabain. This 
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ouabain binding could be antagonised by Na+ ions. However, ouabain binding could not be 
antagonised by K+ ions indicating that Asp804 is involved in K+ binding or co-ordinates the 
cations during transport (Kuntzweiler et al. 1996). Similar experiments were performed by 
Pedersen et al (1997) who showed that the mutants posses a decreased K+-affinity compared 
to that of the wild type Na+,K+-ATPase. This was demonstrated by the K+-stimulated 
displacement of bound [3H]ATP or [3H]ouabain. These results suggest that Asp804 is involved 
in K+-binding. Substitutions of this residue furthermore resulted in decreased phosphorylation 
levels, which indicates that Asp804 is also involved in Na+ binding. High affinity Rb+ and Tl+ 
occlusion of the Asp804 (Asn, Glu) mutants was abolished, which is in agreement with earlier 
studies indicating an essential role of Asp804 in K+-binding (Nielsen et al. 1998).  
Substitution of Asp808 by Leu (Jewell-Motz and Lingrel 1993) or Asn (Vilsen 1995a) 
could not confer ouabain resistance to HeLa or COS cells, respectively. These results 
implicated an essential role of this residue in the catalytic cycle of Na+,K+-ATPase. 
Expression of the D808N mutant in yeast showed an enzyme that was devoid of Na+,K+-
ATPase activity (Pedersen et al. 1996). The lack of activity, however, was not due to improper 
folding since ouabain-binding capacity was similar to that of the wild type enzyme (Pedersen 
et al. 1996; Van Huysse et al. 1996). Substitution of Asp808 to Glu or Ala resulted in an 
enzyme that was able to maintain essential cation gradients (Van Huysse et al. 1996) and that 
could also bind ouabain. Ouabain binding to the Ala, Asn and Glu mutants could not be 
inhibited by K+ but was antagonised by Na+ (Van Huysse et al. 1996). This indicates an 
essential role of Asp808 in cation-binding. Reduced phosphorylation levels and Na+ affinities 
on several substitutions confirmed the role of Asp808 in Na+ binding (Van Huysse et al. 1996). 
High affinity Rb+ and Tl+ occlusion on the Asp808 (Asn, Glu) mutants was abolished, which is 
in agreement with earlier studies indicating an essential role of Asp808 in K+-binding (Nielsen 
et al. 1998). 
For Na+,K+-ATPase several other residues present in the transmembrane domains 
might also be involved in cation-binding and were studied by site directed mutagenesis. In the 
fourth transmembrane domain these residues are: Asn324 (Vilsen 1995b), Pro326 (Vilsen 1992), 
Gly328 (Vilsen 1997) and Leu330 (Vilsen 1992). When Asn324 was substituted by Leu, 
expression in COS cells could confer ouabain resistance, indicating Na+,K+-ATPase activity 
of this mutant (Vilsen 1995b). The Na+ affinity of this mutant was decreased compared to that 
of the wild type enzyme. Furthermore this mutant could hydrolyse ATP in the absence of K+ 
ions. It was suggested that Asn324 plays a role in binding of cytoplasmic Na+ and inhibition of 
dephosphorylation. Substitution of Pro326 by Ala resulted in an ouabain resistant clone after 
expression of this mutant in COS cells (Vilsen 1992). This Na+,K+-ATPase mutant showed a 
decreased Na+ affinity and might also play a role in K+ binding. Gly328 was replaced by an 
Ala, which resulted in a decreased K+ affinity. This was indicated by a high phosphorylation 
level in the presence of K+ ions at a concentration that stimulated the dephosphorylation of the 
wild type enzyme (Vilsen 1997). Substitution of Leu330 by Ala also showed an increased 
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apparent affinity for ATP and Na+ and a reduced affinity for K+ compared to that of the wild 
type enzyme. These findings are in agreement with a shift in the E1 ↔ E2 equilibrium to the 
left (Vilsen 1992). 
Beside Glu779 other polar residues present in the fifth transmembrane domain also 
might play a role in cation-binding of Na+,K+-ATPase, among them: Tyr771 (Pedersen et al. 
1998; Arguello et al. 1999), Thr772 (Pedersen et al. 1998; Arguello et al. 1999), Thr774 
(Pedersen et al. 1998), Ser775 (Arguello and Lingrel 1995; Pedersen et al. 1998) Asn776 
(Pedersen et al. 1998; Arguello et al. 1999) and Pro778 (Vilsen 1997). Tyr771 is important in 
both K+ and Na+ binding (Pedersen et al. 1998) although later studies implicated that this 
residue was only involved in Na+ binding without participating in K+-enzyme interactions 
(Arguello et al. 1999). Removal of the methyl groups of Thr772 and Thr774 reduced K+ and Na+ 
binding, whereas the hydroxyl group of Thr772 is not involved in cation-binding (Pedersen et 
al. 1998). Asn776, however, only plays a role in Na+ and not in K+ binding (Pedersen et al. 
1998). Ser775, also present in transmembrane domain five, is thought to play a role in K+ 
transport and not in Na+ interactions revealing a possible mechanism for enzymatic 
differentiation of these cations by Na+,K+-ATPase (Arguello and Lingrel 1995). In contrast, 
others reported that this Ser775 residue is involved in the binding of both cations (Pedersen et 
al. 1998). It is suggested that these polar residues present in the fifth transmembrane domain 
play a role in the distinctive Na+/K+ selectivity by a rotating or tilting mechanism, which 
adapts the distances between the co-ordinating groups (Pedersen et al. 1998). Finally Thr807, 
present in the sixth transmembrane segment, was replaced by an Ala and expressed in COS 
cells, which could confer ouabain resistant colonies. The Na+ affinity, however, was strongly 
reduced indicating a role of this residue in Na+ binding (Vilsen 1995a).  
In gastric H+,K+-ATPase few residues other than negatively charged residues were 
substituted. Among those are Ala335 and Tyr340, both located in transmembrane domain four, 
which likely are involved in cation-binding (Munson et al. 2000). Upon mutagenesis of these 
latter residues by Gly and Asn, respectively, a reduced NH4+ affinity was observed indicating 
a decreased K+ affinity of these mutants compared to that of the wild type enzyme.  
   
AIM AND OUTLINE OF THIS THESIS 
 
The cyclic phosphorylation and dephosphorylation process in P-type ATPases is 
tightly coupled to binding and transport of cations. Cations that are transported out of the 
cytoplasm stimulate the phosphorylation of the ATPase, whereas cations that are transported 
towards the cytoplasm stimulate the dephosphorylation of the phosphorylated intermediate. 
Polar amino acid residues present in the transmembrane domains might play a key role in 
transmembrane ion transport. In particular, negatively charged residues like aspartate and 
glutamate are likely candidates for such a role. Most negatively charged residues are present 
in transmembrane domains four, five and six. The presumed fifth and sixth transmembrane 
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domain of gastric H+,K+-ATPase contain three of these negatively charged residues. The 
analogous residues present in the related Na+,K+-ATPase and Ca2+-ATPase are highly 
conserved. Since functional expression of gastric H+,K+-ATPase was achieved in 1993 
(Klaassen et al.), the possibility arose to study the role of these negatively charged residues 
with respect to cation-binding. The aim of the research described in this thesis was to search 
for the amino acid residues that are involved in the cation-binding process of gastric H+,K+-
ATPase.  
Chapter 2 tries to elucidate why the rat gastric H+,K+-ATPase has a much higher 
affinity for K+ than the enzyme from pig gastric mucosa.  This difference is striking because 
none of the postulated negatively charged residues in the transmembrane domains is different 
between these species. By reconstitution experiments with defined lipids and after expression 
of hybrids in which the β-subunits were exchanged it was shown that both the lipid 
environment and the β-subunit contribute to the observed difference in K+-affinity between 
the two species. 
Swarts et al (1996) had reported that the Glu820Gln mutant of gastric H+,K+-ATPase 
showed no K+ dependent ATPase and dephosphorylation reaction, although the enzyme could 
be phosphorylated normally. In chapter 3 a follow-up of this finding is presented. 
Substitution of Glu820 by a charged conserved Asp residue had no effect on K+-stimulated 
(partial) reactions, whereas with all other mutations the enzyme became K+-independent. This 
indicates that a negative charge on position 820 is sufficient and necessary for K+-binding. 
In the latter study, however, it was observed that the Glu820Asp mutant had a lower 
phosphorylation level. Chapter 4 shows that this is due to a lower phosphorylation rate. 
Moreover, the latter mutant has a lower apparent ATP affinity. The experiments described in 
this chapter indicate that Glu820 is also involved in H+ binding during phosphorylation, but 
that for this function the length of the side chain is also important.  
Although the mutants, as described in chapter 3, in which the negative charge of Glu820 
had been neutralised showed no K+-dependent reaction, the relatively high ‘basal’ATPase 
activity of three of the mutants could be inhibited by SCH 28080, a specific inhibitor of 
gastric H+,K+-ATPase (Chapter 5). The latter activity that was coined "constitutive ATPase 
activity" is due to an increased spontaneous dephosphorylation of the phosphorylated 
intermediate. This suggests that by mutagenesis the K+-filled pocket is mimicked.  
In chapter 6 the problem is studied why the ATPase activity of the mutants with a 
constitutive activity could be inhibited by SCH 28080, whereas phosphorylation of at least 
one of these mutants was SCH 28080 insensitive. This chapter gives an explanation for this 
observation by a kinetic model.  
Chapter 7 is also a follow-up study of that of Swarts et al (1996). They had observed 
that the mutant Glu795Gln has similar properties as the wild type enzyme, which suggested 
that Glu795 is not an important residue. However, by studying the properties of a series of 
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mutants of this residue it was shown that the carbonyl group that is present in both Glu and 
Gln is essential for K+-dependent reactions.  
In chapter 8 a series of double mutants of Glu820 and Glu795 was studied. Some of 
these mutants showed a very high constitutive activity. This chapter shows that the magnitude 
of the constitutive activity, the spontaneous dephosphorylation and the effect of SCH 28080 
on the phosphorylation level are correlated, indicating that they are all caused by a similar 
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 It is generally assumed that negatively charged residues present in the α-subunit of 
gastric H+,K+-ATPase are involved in K+ binding and transport. Despite the fact that there is 
no difference between various species regarding these negatively charged residues, it was 
observed that the apparent K+-affinity of the pig enzyme was much lower than that of the rat 
H+,K+-ATPase. By determining the K+-stimulated dephosphorylation reaction of the 
phosphorylated intermediate K0.5 values for K+ of 0.12 ± 0.01 and 1.73 ± 0.03 mM were 
obtained (ratio 14.4) for the rat and the pig enzyme, respectively. To investigate the reason for 
the observed difference in K+-sensitivity, both enzymes originating from the gastric mucosa 
were either reconstituted in a similar lipid environment or expressed in Sf9 cells. After 
reconstitution in K+ permeable PC/cholesterol liposomes K0.5 values for K+ of 0.16 ± 0.01 and 
0.35 ± 0.05 mM for the rat and pig enzyme respectively were measured (ratio 2.2). After 
expression in Sf9 cells the pig gastric H+,K+-ATPase  still showed a 4.1 times lower K+-
sensitivity than that of the rat enzyme. This means that the difference in K+-sensitivity of the 
rat and pig gastric H+,K+-ATPase is not only due to a different lipid composition but also to 
the structure of either the α- or β-subunit. Expression of hybrid enzymes in Sf9 cells showed 
that the difference in K+ sensitivity between the rat and pig gastric H+,K+-ATPase  is primarily 




 P2-type ATPases (Pedersen and Carafoli 1987a; Pedersen and Carafoli 1987b) are 
characterised by the presence of a large intracellular domain located between transmembrane 
domains four and five. The intracellular domain is responsible for ATP hydrolysis, whereas 
cation-binding takes place within the transmembrane domains (Beaugé and Glynn 1979; 
Capasso et al. 1992; Rabon et al. 1993). These transmembrane domains contain a number of 
conserved polar amino acids, for which there are strong indications that these are involved in 
cation-binding (Clarke et al. 1989; Adebayo et al. 1995; Kuntzweiler et al. 1996; Rice and 
MacLennan 1996; Swarts et al. 1996; Pedersen et al. 1997). 
 One of these P2-type ATPases is the gastric H+,K+-ATPase, that is responsible for 
gastric acid secretion by catalysing an H+/K+ exchange process (Klaassen and De Pont 1994). 
Most biochemical studies have been carried out with the pig enzyme, because of its easy 
availability from the slaughterhouse. Since we performed expression studies with the 
recombinant rat enzyme (Klaassen et al. 1993; Hermsen et al. 1998; Swarts et al. 1998; Swarts 
et al. 1999) some biochemical experiments with the isolated rat enzyme were carried out. 
Surprisingly, we observed that the rat enzyme had a much higher K+-affinity in the ATPase 
reaction than the pig gastric H+,K+-ATPase, whereas the amino acid composition of the α-
subunit only differed by 2.5%. In addition, none of the conserved polar amino acids, assumed 
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to be involved in K+-binding, were different between rat and pig gastric H+,K+-ATPase. Only 
two amino acids located in the transmembrane domains of the α-subunit differ between the 
species: Val317 in rat vs Ile318 in pig (transmembrane segment 3) and Ala876 in rat vs Thr877 in 
pig (transmembrane segment 7). There are no indications in literature that these 
transmembrane domains are involved in cation-binding. Moreover the differences in polarity 
of these residues are absent or rather small. This could therefore mean that other amino acids 
in the α-subunit outside transmembrane domains are involved in K+-sensitivity. 
 There are, however, other explanations. The difference between the amino acid 
composition of the β-subunits is much larger than that of the α-subunits (some 20%), and it is 
known that the β-subunits, both of H+,K+-ATPase and of Na+,K+-ATPase, play a role in K+-
affinity (Chow et al. 1992; Lutsenko and Kaplan 1993; Koenderink et al. 1999). The most 
simple explanation, however, might be that the rat and pig preparations differ in lipid 
composition, which difference could result in a kinetic difference under assay conditions. 
 The purpose of the present study is to elucidate the reason for the observed difference in 
K+-sensitivity. We therefore reconstituted the enzymes with identical lipids in open 
proteoliposomes and expressed the α- and β-subunits of both species in Sf9 cells in various 
combinations. We conclude that both the lipid composition and the type of β-subunit 
contribute to the difference in K+-sensitivity. 
 
EXPERIMENTAL PROCEDURES  
 
Preparation of native H+,K+-ATPase   
 Gastric H+,K+-ATPase purified from pig gastric mucosa, was prepared as reported 
previously (Swarts et al. 1991). Rat gastric H+,K+-ATPase was purified from the gastric 
mucosa, which was separated from the underlaying muscle layer, collected in homogenisation 
buffer and homogenised. We used a 37% (w/v) sucrose-cushion, which after centrifugation 
results in an interface containing the gastric H+,K+-ATPase. The interface was used for further 
processing as described previously for the isolation of the pig gastric H+,K+-ATPase  (Swarts 
et al. 1991). 
 
Protein determination 
 Protein concentrations were determined with the modified Lowry method described by 
Peterson (1983) using bovine serum albumin as a standard. 
 
Preparation of liposomes 
 Liposomes were prepared according to the procedure of Rabon et al (1985) using a 
reversed phase evaporation method. A mixture of phosphatidylcholine and cholesterol (3:2 
w/w) in chloroform was evaporated to dryness in a hot water bath under a stream of N2. 
Diethylether was used to remove the remaining chloroform. The residue was taken up in a 
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appropriate amount of 50 mM Tris-acetic acid (pH 6.0) and diethylether (1:1 v/v). The 
diethylether was evaporated under N2, during which the mixture was constantly shaken. The 
remaining emulsion was maximally sonicated in a Branson sonicator bath (Branson Power 
Company, Denbury, CT) for 30 min at 4°C. The liposomes were stored at 4°C. 
 
Reconstitution 
 Reconstitution was performed according to a modified procedure of Skrabanja et al 
(1987). Purified gastric H+,K+-ATPase  (120 µg) was partially solubilised by incubation with 
cholate (final concentration 0.91% w/v) during 2 min at room temperature. This mixture was 
then added to a ten-fold volume of liposomes. After thorough mixing, the preparation was 
frozen in liquid nitrogen and subsequently thawed at room temperature. This freeze-thaw 
procedure was repeated two times. Thereafter the proteoliposomes were sonicated for 6 min 
(0°C) in a Branson sonicator bath at maximal output. In contrast to a previous study 
(Skrabanja et al. 1987) no further treatment was applied in order to keep the proteoliposomes 
permeable for cations. 
 
Cloning and site directed mutagenesis 
 All DNA manipulations were carried out according to standard molecular biology 
techniques described by Sambrook et al (1989). The pig gastric H+,K+-ATPase α-subunit 
cDNA (Maeda et al. 1988) was digested with EcoRI and HindIII and ligated into the 
pFastbacdual vector (Life Technologies, Breda, The Netherlands) at the corresponding sites 
located behind the polyhedrin promotor. The β-subunit cDNA of pig gastric H+,K+-ATPase 
(Toh et al. 1990) was cloned in the XhoI site behind the p10 promotor of the same 
pFastbacdual vector already containing the α-subunit. The rat gastric H+,K+-ATPase α-subunit 
cDNA (Shull and Lingrel 1986) was digested with BglII and ligated into the BamHI site 
(located behind the polyhedrin promotor) of the pFastbacdual vector (Life Technologies, 
Breda, The Netherlands). The β-subunit cDNA of rat gastric H+,K+-ATPase (Shull 1990) with 
BamHI extensions was cloned in the BbsI site behind the p10 promotor of the same 
pFastbacdual vector already containing the α-subunit. Site directed mutagenesis was 
performed using the Altered Sites II in vitro mutagenesis systems (Promega, Madison 
Wisconsin, USA). After selection and subcloning of the mutated pig α-subunit in the 
pFastbacdual vector all mutants were checked by sequence analysis.     
 
Generation of recombinant viruses 
 Competent DH10bac Escherichia coli cells (Life Technologies, Breda, The 
Netherlands) harbouring the baculovirus genome (bacmid) and a transposition helper vector, 
were transformed with the pFastbacdual transfer vector containing the different (mutant) 
cDNAs. Upon transition between the Tn7 sites in the transfer vector and the bacmid, 
recombinant bacmids were selected and isolated (Luckow et al. 1993). Subsequently, insect 
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Sf9 cells were transfected with recombinant bacmids using Cellfectin reagent (Life 
Technologies, Breda, The Netherlands). After a three day incubation period, recombinant 
baculoviruses were harvested and used to infect Sf9 cells at a multiplicity of infection of 0.1. 
Four days after infection, the amplified viruses were harvested. 
 
Preparation of Sf9 membranes 
 Sf9 cells were grown at 27°C in 100 ml spinner flask cultures as described by Klaassen 
et al. (1993). For production of H+,K+-ATPase 1.0-1.5.106 cells.ml-1 were infected at a 
multiplicity of infection of 1-3 in the presence of 1% v/v ethanol (Klaassen et al. 1995) and 
incubated for 3 days using Insect-Xpress medium (Biowittaker, Walkersville, MD), containing 
0.1% v/v pluronic F-68 (Sigma Bornem, Belgium) as described by Swarts et al (1998). Sf9 
cells were harvested by centrifugation at 2,000 x g for 10 min. After resuspension at 0°C in 
0.25 M sucrose, 2 mM EDTA and 25 mM Hepes/Tris (pH 7.0), the membranes were sonicated 
3 times for 15 s at 60W (Branson Power Company, Denbury, USA). After centrifugation for 
30 min at 10,000 x g the supernatant was recentrifugated for 60 min at 100,000 x g at 4°C. 
The pelleted membranes were resuspended in the above mentioned buffer and stored at -20°C. 
The ATPase activities, measured as described previously (Swarts et al. 1998) were 0.48 ± 0.06 




 Protein samples from the membrane fraction were solubilised in SDS-PAGE sample 
buffer and separated on SDS-gels containing 10% acrylamide according to Laemmli (1970). 
For immunoblotting the separated proteins were transferred to Immobilon 
polyvinylidenefluoride membranes (Millipore Corporation, Bedford, MA). The α-subunits of 
pig and rat gastric H+,K+-ATPase were detected with the HKB and HK9 (Gottardi and Caplan 
1993) antibodies, respectively. The β-subunits of both pig and rat H+,K+-ATPase were 
detected with the monoclonal antibody 2G11 (Chow and Forte 1993).  
 
ATP-phosphorylation capacity 
 Steady-state phosphorylation levels were determined as described before (Klaassen et 
al. 1995; Hermsen et al. 1998; Swarts et al. 1998). Sf9 membranes (10-50 µg) were incubated 
at 0°C or 21°C in 50 mM Tris-acetic acid (pH 6.0), 1.2 mM MgCl2 in a volume of 50 µl. After 
30-60 min preincubation 10 µl of 0.6 µM [γ-32P]ATP was added and incubated for 10 s at 
0°C. The reaction was stopped by adding ice-cold 5% trichloroacetic acid in 0.1 M phosphoric 
acid and the phosphorylated protein was collected by filtration over a 0.8 µm membrane filter 
(Schleicher and Schuell, Dassel, Germany). After repeated washing the filters were analyzed 





 After ATP-phosphorylation (as described above) the reaction mixture was diluted from 
60 µl to 500 µl with non-radioactive ATP (final concentration 10 µM) in order to prevent 
rephosphorylation with radioactive ATP and 0-30 mM K+. The mixture was further incubated 
for 5 s at either 0°C or 21°C. Thereafter the reaction was stopped as described above and the 
residual phosphorylation level was determined. 
 
Calculations 
 The K0.5 value for the K+ stimulated dephosphorylation is defined as the concentration 
of K+ giving a 50% reduction of the phosphorylated intermediate related to the amount of 
phosphorylated intermediate in the absence of K+. Data are presented as mean values with 




 Cellfectin, Competent DH10bac Escherichia coli cells and all enzymes used for DNA 
cloning were purchased from Life Technologies Inc. (Breda, The Netherlands). [γ-32P]ATP 
(3000 Ci.mmol-1, Amersham, Buckinghamshire, UK) was diluted with non-radioactive Tris-
ATP (pH 6.0 or 7.0) to a specific radioactivity of 20-100 Ci.mmol-1. SCH 28080, kindly 
provided by Dr. C.D. Strader, Schering-Plough, Kenilworth, NJ. was dissolved in ethanol and 
diluted to its final concentration of 0.1 mM in 0.2 % v/v ethanol. The antibodies HKB and 





Effect of K+ on the dephosphorylation of the phosphorylated intermediate 
Rat and pig gastric H+,K+-ATPase preparations were phosphorylated by ATP at 0°C. 
Dephosphorylation of the phosphorylated intermediates was studied as described in 
Experimental procedures. The residual E-P levels were determined after a 5 s 
dephosphorylation in the presence of varying K+ concentrations. K+-sensitivities of the 
dephosphorylation process of rat and pig gastric H+,K+-ATPase are presented in Figure 1. 
From this figure K0.5 values for K+ of 1.73 ± 0.03 (n=3) and 0.12 ± 0.01 mM (n=4) were 
calculated for the pig and rat gastric H+,K+-ATPase, respectively (Table I). Thus, the rat 
phospho-enzyme is 14.4 times more sensitive towards K+ than that of the pig enzyme. 
 
The effect of lipid environment on K+-sensitivity 
It cannot be excluded that the measured difference in K+-sensitivity is due to the fact 
that the two membrane preparations have a different lipid composition. We therefore 
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reconstituted both enzymes in phosphatidylcholine (PC)/cholesterol liposomes. Cholate was 
not removed after reconstitution, which resulted in proteoliposomes that were accessible for 
cations at both sides. These open proteoliposomes could be phosphorylated by ATP and K+ 
dose-dependently stimulated the dephosphorylation of the phosphorylated intermediate. This 
dose-dependency was not influenced by addition of 10 µM nigericin, which indicates that no 
closed membrane structures were present in this preparation.   
 Reconstitution resulted in a significant decrease of the K0.5 value for K+ for the pig 
gastric H+,K+-ATPase of 1.73 ± 0.03 (n=3) to 0.35 ± 0.05 (n=6) mM K+. The K0.5 value of the 
rat gastric H+,K+-ATPase, however, significantly increased after reconstitution: K0.5 = 0.12 ± 
0.01 mM (n=4) vs. 0.16 ± 0.01 mM K+ (n=3). The ratio between the K+-sensitivity of the rat 
and the pig gastric H+,K+-ATPase after reconstitution was therefore reduced from a factor 14.4 
to a factor 2.2. The rat gastric H+,K+-ATPase, however, still showed a significantly higher K+ 
sensitivity than the pig enzyme. 
 














Figure 1. The effects of K+ on the dephosphorylation reaction of the H+,K+-ATPase isolated 
from rat and pig stomach. The membrane preparations of rat and pig were phosphorylated for
10 s as at 0°C in the presence of 50 mM Tris-acetic acid pH 6.0 and 0.1 mM MgCl2. For the rat 
and pig enzyme steady-state phosphorylation levels of 0.13 ± 0.02 and 0.26 ± 0.05 nmol EP . mg-1
protein were measured, respectively. The dephosphorylation process was studied after the
addition of the dephosphorylation medium containing varying K+ concentrations. After a 5 s
dephosphorylation the reaction was stopped as described in the Experimental procedures section.
The residual phosphorylation level was expressed as a percentage of the phosphorylation level
present after the dephosphorylation in the absence of added K+ (: rat, z: pig). Mean values ± SE




Next the enzymes were expressed in Sf9 cells, which method also excludes any effect 
of the lipid composition. The production of recombinant H+,K+-ATPase enzymes in Sf9 
(insect) cells furthermore allowed us to study the role of the α- and β-subunits, by expressing 
them in different combinations. 
 The steady state phosphorylation levels of the membrane preparations expressing the 
H+,K+-ATPase of rat and pig and their hybrids are shown in Figure 2. Membrane preparations 
of the H+,K+-ATPase αratβrat showed a steady state phosphorylation level of 4.65 ± 0.22 pmol 
EP . mg-1 protein (n=7). Surprisingly neither the αpigβpig nor the αpigβrat (not shown) enzyme 
could be phosphorylated, whereas the αratβpig had a steady state phosphorylation level of 2.48 
± 0.09 pmol EP . mg-1 protein (n=5). Comparison of the published amino acid sequence of the 
α-subunit of the pig enzyme (Maeda et al. 1988) with that of all other published sequences 



























































Figure 2. Steady state phosphorylation levels in Sf9 membrane preparations infected with 
recombinant baculovirus. Membranes obtained from Sf9 cells, expressing rat and pig gastric 
H+,K+-ATPase as well as their hybrids and some mutants of the pig α-subunit, were isolated. The 
phosphorylation reaction was performed for 10 s at 21°C and pH 6.0 in the presence of 0.1 µM 
ATP, 50 mM Tris-acetic acid pH 6.0 and 1.2 mM MgCl2. This figure shows the specific H+,K+-
ATPase phosphorylation levels which are defined as the difference of the phosphorylation levels
measured in the absence or presence of 100 µM SCH 28080. Mean values ± SE are given for two
to seven independent membrane preparations. 
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all other species are a cysteine. The reported Ser on position 594 was in fact a Cys (codon: 
TGC) in the original clone. This might be due to a typing error in the published sequence 
(Maeda et al. 1988). On position 221 we found indeed an Arg as published. Next, the pig 
mRNA of the α-subunit was isolated and sequenced again which revealed that on position 221 
a Cys was present instead of an Arg but on position 213 a Thr instead of the previously 
published Ile. Therefore we mutated these residues on position 213 and 221 alone and in 
combination in the cDNA of the original clone. Figure 2 shows that no phosphorylated 
intermediate was formed with the αpig(I213T)βpig enzyme. However, expression of the 
αpig(R221C)βpig and the αpig(R221C)βrat enzymes showed comparable steady state phosphorylation 
levels of 3.29 ± 0.25 (n=6) and  4.02 ± 0.34 (n=4) pmol EP . mg-1 protein, respectively. In 
addition, the αpig(I213T,R221C)βpig preparation showed a steady state phosphorylation level of 
3.37 ± 0.02 pmol EP . mg-1 protein (n=2), which is not significantly different from both 
preparations described above. Thus, all preparations with Cys221 were active, independently 
whether a Thr or Ile was present on position 213. In all further studies we used the cDNA 































Figure 3. Western blot of rat, pig and hybrid gastric H+,K+-ATPase. Membranes (10-20 µg)
isolated from Sf9 cells infected with recombinant viruses producing either HKαratβrat, HKαratβpig, 
HKαpigβpig and HKαpigβrat were used for Western Blotting. Panel A: α-subunits of both rat and pig
gastric H+,K+-ATPase detected with the polyclonal antibody HKB (Gottardi and Caplan 1993).
Panel B: α-subunits of rat gastric H+,K+-ATPase detected using the HK9 antibody (Gottardi and
Caplan 1993). Panel C: β-subunits of both rat and pig gastric H+,K+-ATPase detected with the 
monoclonal antibody 2G11 (Chow and Forte 1993).  
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Expression of the hybrid H+,K+-ATPase 
All (hybrid) H+,K+-ATPase preparations showed according to Western-blotting 
analysis a normal expression pattern (Figure 3). Figure 3A shows the recombinant α-subunits 
of the rat as well as of the pig gastric H+,K+-ATPase. Both α-subunits could be detected using 
the polyclonal HKB antibody (Gottardi and Caplan 1993) directed against a part of the 
intracellular loop between the fourth and fifth transmembrane segment. A second antibody 
HK9 (Gottardi and Caplan 1993), directed against the N-terminal part of the α-subunit of 
H+,K+-ATPase which is unable to detect the pig enzyme, gave only a signal with the rat α-
subunit (Figure 3B). The β-subunits of both the rat and pig isoforms were detected using the 
2G11 monoclonal antibody (Chow and Forte 1993). This antibody revealed a carbohydrate 
free and core glycosylated form of the pig and rat gastric H+,K+-ATPase (Figure 3C). This 
figure also shows a different electrophoretic mobility of both β-subunits: the rat β-subunit has 
a higher apparent molecular mass than its pig analogue (Figure 3C), although the differences 
in calculated molecular masses are very small: 33.1 kDa (Toh et al. 1990) and 33.7 kDa (Shull 
1990) for the unglycosylated pig and rat β-subunits, respectively.  
 
 












Figure 4. The effects of K+ on the dephosphorylation reaction of recombinant H+,K+-
ATPase. Membranes obtained from Sf9 cells infected with either HKαratβrat (), HKαratβpig (), 
HKαpigβpig (z) and HKαpigβrat ({) were phosphorylated for 10 s at 21°C as described in the 
Experimental procedures section. The dephosphorylation process was started after the addition of 
the dephosphorylation medium containing variable K+ concentrations. The dephosphorylation 
process was stopped after 5 s as described in the Experimental procedures section. The residual 
phosphorylated intermediate present after dephosphorylation in the absence of additional K+ was 
set at 100%. Mean values ± SE are given for three to five membrane preparations. 
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K+ stimulated dephosphorylation 
Membrane preparations were phosphorylated by ATP followed by a 5-s 
dephosphorylation at 21°C and pH 6.0 in the presence of varying K+ concentrations (Figure 4). 
The αratβrat enzyme had the highest K+-affinity (0.32 ± 0.10 mM K+ (n=5)) although this was 
not significantly different from the αpigβrat enzyme (0.39 ± 0.10 mM K+ (n=3)). The K+ 
affinities for the two preparations with the βpig subunits were significantly lower (0.90 ± 0.27 
mM K+ (n=3) for the αratβpig enzyme and 1.30 ± 0.18 mM K+ (n=4) for the αpigβpig enzyme). 





The present study shows that the gastric H+,K+-ATPases isolated from the pig and rat 
gastric mucosa differ in K+ sensitivity. The pig enzyme possessed a 14.4 times lower K+-
sensitivity than the rat gastric H+,K+-ATPase with respect to the K+-induced 
dephosphorylation of the phosphorylated intermediate. It is known that among different 
species the gastric H+,K+-ATPase is embedded in a matrix of different lipids (Im et al. 1987; 
Schrijen et al. 1981; Sen and Ray 1980) consisting of mainly phospholipids and cholesterol. It 
is also described that the lipid composition may influence the activity of H+,K+-ATPase 
(Schrijen et al. 1981). Saccomani et al (1979) showed that phospholipase A2 reduced the K+ 
stimulated hydrolytic activity, which could be restored after addition of 
phosphatidylethanolamine, phosphatidylserine and phosphatidylcholine.  
The influence of the lipid matrix in which the rat and pig gastric H+,K+-ATPase are 
embedded was investigated by reconstitution of both enzymes in phosphatidylcholine (PC) / 
cholesterol. These experiments showed that the lipid composition has some effect on the K+-
sensitivity. After reconstitution of the pig gastric H+,K+-ATPase in open proteoliposomes the 
K+-sensitivity was increased significantly by a factor 2.2, whereas that of the rat gastric H+,K+-
ATPase was decreased by a factor 1.8.  
Both the pig and rat gastric H+,K+-ATPase were expressed in Sf9 insect cells using the 
baculovirus system so that both enzymes obtained a similar lipid environment. According to 
Western blotting analysis both enzymes were fully expressed. Alignment of the amino acid 
sequence of the αpig-subunit (Maeda et al. 1988) with that of rat indicated only a single 
difference in amino acid polarity within a transmembrane domain. On position 876 of 
transmembrane 7 of the rat α-subunit an Ala was present, whereas on the corresponding 
position in the pig enzyme (877) a more polar Thr was found. Mutagenesis of rat Ala876 into a 
Thr did not result in a changed K+-sensitivity (not shown). However, we found an important 
difference on position 221. In the pig α-subunit an Arg was found whereas on the 
corresponding position in all other α-subunits of either H+,K+-ATPase or Na+,K+-ATPase a 
Cys was present. With an Arg on position 221, we were not able to measure any enzyme 
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activity, in contrast to recent data Smolka et al (1999). The specific K+-ATPase activity 
presented in the latter study is, however, 70 times lower than the activity we measured in the 
present study using a mutant with a Cys on position 221. This indicates that an Arg on 
position 221 prevents enzyme activity, which can be restored by replacing this residue by a 
Cys. 
Both the recombinant pig and rat gastric H+,K+-ATPase showed a slightly decreased 
K+-sensitivity in the dephosphorylation reaction compared to the corresponding enzymes 
isolated from the gastric mucosa. Pig gastric H+,K+-ATPase, however, still showed a lower 
K+sensitivity, which is in the same range as we observed after reconstitution. This means that 
the difference in K+ sensitivity cannot be completely explained by differences in lipid 
composition. 
The K0.5 values for the K+ stimulated dephosphorylation reaction (Table 1) for three 
different preparations of the gastric H+,K+-ATPase from both rat and pig: native enzyme, 
reconstituted enzyme and enzyme expressed in Sf9 insect cells are compared. Although the 
values differ in the three preparations the pig enzyme has in all cases a lower K+-sensitivity 
than the rat enzyme. The difference in K+ sensitivity within one species confirms the effect of 
the membrane environment on the measured K0.5 values. The higher K0.5 values for K+ 
measured in Sf9 cells as compared to the native enzymes may also be related to the lipid 
composition of the membranes of these insect cells. 
 
 
H+,K+-ATPase HKα-rat β-rat 
K0.5 (mM K+) 
HKα-pig β-pig 






0.12 ± 0.01       
0.16 ± 0.01a 
0.32 ± 0.10a 
1.73 ± 0.03** 
0.35 ± 0.05a* 





The expression in Sf9 cells gave the possibility to investigate whether the difference in 
K+ sensitivity is primarily due to the α- or to the β-subunits. We therefore prepared hybrids 
using the α-subunit of one species and the β-subunit of the other species. The larger difference 
between the amino acid composition of the two β-subunits (20%) than that of the α-subunits 
Table1. K+-sensitivity of the phosphorylated intermediate. The K+-stimulatory effects on the
dephosphorylation are represented as the K0.5 values. The ratio pig / rat represents the ratio in
K0.5 values between HKα-pig β-pig and HKα-rat β-rat enzymes. The data are given as the mean
± SE for 3-4 independent experiments. *(P<0.05) and **(P<0.01) represent the comparison of 
the pig enzyme with that of the rat. a(P<0.01) and b(P<0.05) represents the comparison of the
reconstituted or expressed enzymes with the native gastric H+,K+-ATPase.   
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(2.5%) gives more possibilities for the differences in K+-sensitivity. We demonstrated that 
indeed the β-subunit had a larger contribution to the difference in K+-sensitivity than the α-
subunit. The K0.5 value of the αpigβrat preparation did not significantly differ from that of the 
αratβrat enzyme. Also the K0.5 value of the alternate hybrid αratβpig did not significantly differ 
from that of the αpigβpig preparation. Both H+,K+-ATPase  and Na+,K+-ATPase  need K+ 
occlusion before they can dephosphorylate (Swarts et al. 1998) and the β-subunit is probably 
involved in this K+ occlusion (Chow et al. 1992; Lutsenko and Kaplan 1993). When the 
Na+,K+-ATPase β-subunit was replaced by that of H+,K+-ATPase the K+ affinity in the 
ATPase reaction decreased (Koenderink et al. 1999). When the H+,K+-ATPase β-subunit was 
replaced by that of Na+,K+-ATPase  an increased K+ affinity in the ATPase reaction was 
observed (Koenderink et al. 1999). These findings suggest that the β-subunit influences the K+ 
affinity, which is in agreement with the present observation that the β-subunits originating 
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 To investigate the role of Glu820, located in transmembrane domain M6 of the α-
subunit of gastric H+,K+-ATPase, a number of mutants was prepared and expressed in Sf9 
cells using a baculovirus encoding for both H+,K+-ATPase subunits. The wild type enzyme 
and the E820D mutant showed a similar biphasic activation of K+ on the ATPase activity 
(maximum at 1 mM). The mutant E820A had a markedly decreased K+ affinity (maximum at 
40-100 mM). The other mutants E820Q, E820N, E820L and E820K showed no K+-activated 
ATPase activity at all, whereas all mutants formed a phosphorylated intermediate. After 
preincubation with K+ before phosphorylation mutant E820D showed a similar K+ sensitivity 
as the wild type enzyme. The mutants E820N and E820Q had a 10-20 times lower sensitivity, 
whereas the other three mutants were hardly sensitive towards K+. Upon preincubation with 3-
(cyanomethyl)-2-methyl-8(phenylmethoxy)imidazo[1,2a]pyridine (SCH 28080) all mutants 
showed similar sensitivity for this drug as the wild type enzyme except mutant E820Q that 
could only partly be inhibited and mutant E820K which was completely insensitive towards 
SCH 28080. These experiments suggest that with a relatively large residue on site 820 the 
binding of SCH 28080 is obstructed. The various mutants showed a behavior in K+ stimulated 
dephosphorylation experiments similar as in K+ activated ATPase activity measurements. 
These results indicate that K+ binding and indirectly the transition to the E2 form is only fully 




 The mechanism of coupling between ATP hydrolysis and active ion transport is still 
one of the unsolved problems in biology. In the P-type ATPases like Ca2+-ATPase, Na+,K+-
ATPase and gastric H+,K+-ATPase the  γ-phosphate residue of ATP forms an acyl-phosphate 
with a conserved aspartyl residue. This aspartyl residue is present in the large intracellular 
loop of the catalytic subunit, located between the fourth and fifth transmembrane domain. 
Ions, which are transported across the membrane, affect the phosphorylation state of these 
enzymes either by increasing the rate of phosphorylation or dephosphorylation. The 
phosphorylation of the gastric H+,K+-ATPase as well as the sequential countertransport of 
protons and potassium ions, can be described in defined partial reactions summarized in the 
Post-Albers scheme shown in Figure 1 (Rabon and Reuben 1990). The binding of the cations 
is thought to be located within the transmembrane segments of the catalytic subunit. The 
effect of ions on the phosphorylation reaction is thus a long-range effect in which 
conformational changes in the protein have to be occupied. 
 Polar amino acid residues and in particular the negatively charged amino acid residues 
aspartate and glutamate might play a key role in the binding and transport of the cations. 
Previous reports on different P-type ATPases like the Ca2+-ATPase (Clarke et al. 1990; 
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Andersen and Vilsen 1994; Møller et al. 1996; Rice and MacLennan 1996), Na+,K+-ATPase 
(Kuntzweiler et al. 1996; Van Huysse et al. 1996; Pedersen et al. 1997) and gastric H+,K+-
ATPase (Swarts et al. 1996; Asano et al. 1997) indicated a possible role of cation coordinating 
residues in the fifth and sixth transmembrane regions. Amino acid sequences in these 
transmembrane regions are well conserved between P-type ATPases (Lutsenko and Kaplan 
1995). This also accounts for the negatively charged residues Glu and Asp, suggesting their 













 In a previous study with baculoviruses encoding the gastric H+,K+-ATPase expressed in 
Sf9 cells, we observed that mutation of glutamic acid 820 into a glutamine residue resulted in 
an enzyme with a normal aspartyl phosphate as intermediate but without K+-stimulated 
ATPase activity and K+-stimulated dephosphorylation. Moreover, the steady-state ATP-
phosphorylation level could hardly be reduced upon preincubation with SCH 28080, a 
specific inhibitor for the gastric H+,K+-ATPase (Wallmark et al. 1987; Keeling et al. 1989). 
This suggests that Glu820 is involved in the coupling between K+ binding and the 
dephosphorylation reaction and possibly also in SCH 28080 binding. 
 The precise location of Glu820 in the M5/M6 region is not known. Most authors locate 
this residue or its counterpart in other P-type ATPases D804 in Na+,K+-ATPase (Kuntzweiler 
et al. 1996), N796 in SERCA1a Ca2+-ATPase (MacLennan et al. 1985) and N879 (Verma et 
al. 1988) in plasma membrane Ca2+-ATPase within the M6 transmembrane segment. In our 
previous studies (Klaassen and De Pont 1994; Swarts et al. 1996) we postulated a model for 
the M5/M6 region in which E820 was in the extracellular domain between M5 and M6. 
Hydrophobicity plots in this region are not very decisive and since Lys791 has been shown to 
be a cytosolically located tryptic digestion site (Besancon et al. 1993), this residue has to be 









Figure 1. Post-Albers scheme, describing the reaction cycle of gastric H+,K+-ATPase 
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the reaction with acid-activated omeprazole (Besancon et al. 1993) and was also placed by us 
in the extracellular domain between M5 and M6. Recently, however, Besancon et al (1997) 
showed convincingly that acid-activated omeprazole reacts from the luminal side with Cys813 
and Falson et al (Falson et al. 1997) showed a cleavage site for proteinase K at Gly808 in rabbit 
SERCA1a Ca2+-ATPase, which is analogue to Ala832 in H+,K+-ATPase. If the latter finding is 
valid for H+,K+-ATPase it is compatible with the model shown in Figure 2. Both M5 and M6 
are then only 18 amino acids long and the extracellular domain between M5 and M6 contains 
only 4 amino acids. Most importantly for the present study Glu820 is present in M6, slightly 




 To investigate the role of this negatively charged amino acid in more detail we 
prepared in addition to E820Q the following mutants: E820D, E820N, E820A, E820L and 
E820K and measured a series of (partial) reactions. Generally, it can be concluded that a 
negatively charged residue at position 820 is involved in K+ binding and is essential for a 
normal functioning of the enzyme. Moreover in the binding pocket for K+ other residues are 
likely to be involved additionally. These results suggest that the binding pocket has other 
constraints when K+ enters from the luminal than from the cytosolic side. 
LKKSIAYTLTKNIPELTPYLIYITVSVPLPLGCITILFIELCTDIFPSVSLAYEKAESDIMHLRPRN






























Figure 2. Amino acid sequence of gastric H+,K+-ATPase around the M5-M6 region. The 
sequence was obtained from Shull et al (1986). The negatively charged residues present in the
fifth and sixth transmembrane domains of the gastric H+,K+-ATPase are depicted in boldface type.
The exact positioning of M5 and M6 is argued in the text. 





 All DNA manipulations were done according to standard molecular biology techniques 
described by Sambrook et al (1989). The BaculoGold transfer vector pAcUW51 (Pharmingen, 
San Diego, CA), containing the full length cDNA of the rat H+,K+-ATPase  α- and  β-subunits 
was used for site-directed mutagenesis using the Unique Site Elimination (Pharmacia Biotech) 
procedure developed by Deng and Nickoloff (1992). This mutagenesis method utilizes a two-
primer system to generate site-specific mutations. The target mutagenic primer introduces the 
desired mutation in the  α-subunit. The second primer, the selection primer, introduces a silent 
mutation hereby eliminating a unique AccI restriction site, which subsequently serves as the 
basis for selection of the mutated constructs. Selection of the desired mutants was performed 
using restriction analysis on the AccI site, which should be eliminated and the restriction sites 
introduced or eliminated in the  α-subunit. Finally all mutations were checked by sequence 
analysis.  
 
Generation of recombinant viruses 
 The obtained pAcUW51-HKβα-wt and pAcUW51-HKβα-mutants, with the DNA code 
of the  α-subunit under control of the polyhedrin promoter and that of the β-subunit under 
control of the P10 promoter were used to produce recombinant viruses. The mutated transfer 
vectors and linearized AcNPV DNA (BaculoGoldTM DNA) were co-transfected in Sf9 cells 
according to the instructions of the supplier. By this method the viruses Bgβα-wt, Bgβα-
E820D, Bgβα-E820Q, Bgβα-E820N, Bgβα-E820A, Bgβα-E820L and Bgβα-E820K were 
obtained. The viruses were further purified via a plaque assay and were screened for the 
presence of the α-subunit by Western blotting. The presence of the desired mutation in the 
viral genome was checked by sequence and restriction analysis. 
 
Production of recombinant H+,K+-ATPase 
 Sf9 cells were grown at 27 °C either in 100 ml spinner flask cultures or as monolayer 
cultures in 175 cm2 culture flasks as described by Klaassen et al. (1993). For production of 
H+,K+-ATPase the cells were infected at a multiplicity of infection of 1-3 in the presence of 
1% ethanol (Klaassen et al. 1995) and incubated for 3 days. 
 
Preparation of Sf9 membranes 
 The Sf9 cells were harvested by centrifugation at 2,000 g for 5 min. After resuspension 
at 0 °C in 0.25 M sucrose, 2 mM EDTA and 25 mM Hepes/Tris (pH 7.0), the membranes 
were sonicated 3 times 15 s at 60W (Branson Power Company, Denbury, USA). After 
centrifugation for 30 min at 10,000 g the supernatant was recentrifugated for 60 min at 
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100,000 g at 4 °C. The pelleted membranes were resuspended in the above-mentioned buffer 
and stored at -20 °C. 
 
Protein determination 
 Protein was determined with the modified Lowry method described by Peterson (1983) 
using bovine serum albumin as a standard. 
 
Quantification of the expression level 
 The H+,K+-ATPase  α-subunit content of the membrane fraction was determined by a 
quantitative enzyme linked immunosorbent assay (Brenna et al. 1994), using the monoclonal 
antibody 5B6 (Van Uem et al. 1990; Van Uem et al. 1991) and using purified pig H+,K+-
ATPase as reference. 
 
Western blotting 
 Protein samples from the membrane fraction were solubilized in SDS-PAGE sample 
buffer and separated on SDS-gels containing 10 % acrylamide according to Laemmli (1970). 
For immunoblotting the separated proteins were transferred to Immobilon polyvinylide-
nedifluoride membranes. The  α- and β-subunits of H+,K+-ATPase were detected as described 
earlier (Klaassen et al. 1993) with the polyclonal antibody HKB (Gottardi and Caplan et al. 
1993) and the monoclonal antibody 2G11 (Chow and Forte 1993) evoked against the α and β-
subunit of H+,K+-ATPase, respectively. 
 
K+-ATPase activity assay 
 The K+-activated ATPase activity was determined with a radiochemical method 
(Swarts et al. 1995). For this purpose 0.6-5 µg Sf9 membranes were added to 100 µl medium, 
which contained 10 µM [γ-32P]-ATP (specific activity 100-500 mCi.mmol-1), 1.0 mM MgCl2, 
0.2 mM EGTA, 0.1 mM EDTA, 0.1 mM ouabain, 1 mM NaN3, 25 mM Tris-HCl (pH 7.0) and 
varying concentrations of KCl. After incubation for 30 min at 37 °C the reaction was stopped 
by adding 500 µl ice-cold 10% (w/v) charcoal in 6% (w/v) trichloroacetic acid and after 10 
min at 0 °C the mixture was centrifuged for 10 s (10,000 g). To 0.2 ml of the clear 
supernatant, containing the liberated inorganic phosphate (32Pi), 3 ml OptiFluor (Canberra 
Packard, Tilburg, The Netherlands) was added and the mixture was analyzed by liquid 
scintillation analysis. In general blanks were prepared by incubating in the absence of enzyme. 
The ATPase activity is presented as percentage of the activity in the absence of added K+, 
which activity is 70-150 nmol Pi liberated per mg per hour. The latter activity is endogenously 
present in membranes of Sf9 cells. 
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ATP-phosphorylation capacity 
 ATP-phosphorylation was determined as described before (Klaassen et al. 1995). Sf9 
membranes (40-100 µg) were incubated at 0 °C in 25 mM Tris-acetic acid (pH 6.0), 1 mM 
MgCl2 with and without 100 µM SCH 28080 or 10 mM KCl in 0.2 % (v/v) ethanol in a 
volume of 50 µl. After 30-60 min preincubation 10 µl of 0.6 µM [γ-32P]ATP was added and 
incubated for 10 s at 0 °C. The reaction was stopped by adding 5% trichloroacetic acid in 0.1 
M phosphoric acid and the phosphorylated protein was collected by filtration over a 0.8 µm 
membrane filter (Schleicher and Schuell, Dassel, Germany). After repeated washing the filters 
were analyzed by liquid scintillation analysis. 
 
Dephosphorylation studies 
 After ATP-phosphorylation as described above the reaction mixture was diluted from 
60 µl to 200 µl with non-radioactive ATP (final concentration 1 mM) in order to prevent 
rephosphorylation with radioactive ATP and the ligands to be tested (5 mM ADP, 10 mM K+) 
(Helmich-de Jong et al. 1985). The mixture was further incubated for 3 s at 0 °C. Thereafter 
the reaction was stopped as described above and the residual phosphorylation level was 
determined. 
 
SDS-PAGE of the phosphorylated proteins 
 After phosphorylation of 50-100 µg membranes with [γ-32P]ATP, the reaction was 
terminated upon addition of 0.5 ml stopping solution. After 30 s centrifugation at 16,000 g the 
pellets were washed with 0.5 ml 30 % (w/v) sucrose and resuspended in 40 µl two times 
concentrated sample buffer, containing 100 mM Tris-HCl (pH 6.8), 5 % dithioerythritol, 4 % 
SDS, 20% glycerol and 0.012 % bromophenol blue. The protein was solubilized during 30 
min incubation at room temperature. Samples of 5 µl (2-10 pCi) 32P-protein, were applied on 
the SDS-gels (mini-protean II, Bio-Rad, Richmond, CA, USA). Running gels were prepared 
with 6 % polyacrylamide / N-N'-bis-methylene acrylamide (ratio 40/1.07) in 100 mM Na+-
phosphate buffer (pH 6.5) and 0.2 % SDS while the stacking gel contained 4% 
polyacrylamide. In the same 100 mM Na+-phosphate buffer the electrophoresis was 
performed at 0 °C, first during 20 min at 30 mV and next during 3-4 hours at 60 mV. The 
upper electrophoresis buffer contained 0.1 % SDS. After fixation in 5% (v/v) methanol- 7.5% 
(v/v) acetic acid for 15-30 min at room temperature, the gels were autoradiographed at -20 °C 
on a Kodak-film (X-omat AR, Eastman Kodak company, Rochester, NY, USA), for 3-16 
hours.  
 
Analysis of data 
 The IC50 values for K+ and SCH 28080 were iteratively determined by fitting the 
concentration relationship to the logistic equation Y = A + (B-A)/ 1 + (10C/10X)D (A = bottom 
plateau (0.48 pmol/mg protein);  B = top plateau;  C= IC50;  D = Hill coefficient;  The values 
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of X and C were entered as the logarithm of concentration) using the nonlinear regression 
computer program InPlot (GraphPAD Software for Science, San Diego, CA). All data are 
presented as mean values with standard error of the mean. Differences of average were tested 
for significance by means of Student's t-test. 
 
Chemicals 
 [γ-32P]ATP (3000 Ci.mmol-1, Amersham, Buckinghamshire, UK) was diluted with non-
radioactive Tris-ATP (pH 6.0) to a specific radioactivity of 20-100 Ci.mmol-1. SCH 28080, 
kindly provided by Dr. A. Barnett, Schering-Plough, Bloomfield, NJ. was dissolved in ethanol 
and diluted to its final concentration of 0.1 mM in 0.2 % ethanol. The antibodies were gifts of 




 As a follow-up of a recent study in which a number of negatively charged residues 
including Glu820 present in the α-subunit of rat gastric H+,K+-ATPase were mutated into their 
acid amides (Swarts et al. 1996), a number of additional mutants were constructed: E820D, 
E820N, E820A, E820L and E820K. Baculoviruses were produced containing coding 
sequences for the β-subunit as well as for the (mutated)  α-subunit and were used to infect Sf9 
cells.  
 
Expression of the H+,K+-ATPase 
All mutants show a normal expression pattern as compared to the wild type according 
to Western blotting analysis (Figure 3) and confocal image analysis (data not shown). The α-
























Figure 3. Western blot of H+,K+-ATPase mutants. Membranes (10-20 µg) were isolated from
Sf9 cells infected either with wild type virus or mutated viruses expressing the α- and β-subunit of
H+,K+-ATPase were blotted and the presence of the α-subunit was detected using a polyclonal
antibody HKB (Gottardi and Caplan 1993a). For comparison the enzyme isolated from gastric
mucosa (pig) and membranes isolated from mock infected cells are shown. 
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viruses has the same apparent molecular mass as the α-subunit of the enzyme of pig gastric 
mucosa (Swarts et al. 1991) and was absent in the membrane fractions obtained from mock 
infected Sf9 cells. Figure 3 shows a Western blot performed with the HKB antibody, which 
recognizes a part of the intracellular loop between the fourth and fifth transmembrane segment 
(Gottardi and Caplan 1993a). Similar results were obtained using the antibodies HKαC2 
(Smolka et al. 1991) and HK9 (Gottardi and Caplan 1993b) directed against the C- and N-
terminal domain of the α-subunit, respectively (data not shown). This indicates that all 
mutants were fully expressed and no proteolytic breakdown occurred. The monoclonal 
antibody 2G11 directed against the β-subunit visualized both a carbohydrate-free and a core-
glycosylated form of the β-subunit similar to the results found earlier using the baculovirus 
expression system (Chow and Forte 1993; Klaassen et al. 1993) (data not shown). 
 
K+-activated ATPase activity 
The K+ dependence of the overall ATPase activity of the various mutants was 
compared to that of the wild type enzyme (Figure 4). A relatively low ATP concentration (10 
µM) had to be used in these experiments in order to obtain a significant stimulation by K+. At 
higher ATP concentrations the background ATPase activity became too high, so that 
Figure 4. Effect of K+ on the ATPase activity in Sf9 membranes infected with recombinant
baculoviruses. Membranes obtained from Sf9 insect cells infected with either wild-type virus ({)
or the mutants E820D (z), E820Q (), E820N (), E820A (U), E820L (S) and E820K () were
isolated and the ATPase activity was measured as described in the Experimental procedures with
the K+ concentrations as indicated. In all experiments the activity in the absence of K+ was set at
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measurement of the K+-stimulated activity was rather inaccurate. The wild type enzyme as 
well as the E820D mutant showed a biphasic activation curve, with a maximum at 1 mM K+. 
The rising part of these curves suggests that the K+ affinity of the E820D mutant might be 
slightly higher than that of the wild type enzyme. A similar K+ activation curve was also 
observed with pig gastric H+,K+-ATPase when a low ATP concentration was used (Swarts et 
al. 1995). The activation of the ATPase activity by K+ could be blocked completely by 100 
µM SCH 28080. The E820D mutant and the wild type enzyme showed similar IC50 values for 
SCH 28080 (0.2-0.4 µM; not shown). The mutants E820Q, E820N, E820L and E820K 
showed no K+ stimulation. The E820A mutant showed a maximal K+ activation at much 
higher K+ concentration (40-100 mM) than the wild type enzyme and the E820D mutant (1 
mM). The maximal activity of mutant E820A, taken as the difference between total activity 

























Figure 5. Autoradiogram of SDS/PAGE of the ATP-phosphorylated Sf9 membranes infected
with recombinant baculoviruses expressing wild-type and mutated gastric H+,K+-ATPase.
Membranes isolated from Sf9 cells infected with wild-type virus or the mutant viruses were
phosphorylated at 0°C with 0.1 µM [γ-32P]ATP in the presence of 1 mM MgCl2 and 20 mM
Tris/acetic acid, pH 6.0, after preincubation for 60 min at 0°C with either 100 µM SCH 28080 or 10
mM KCl. The acid-quenched samples were solubilized and subjected to SDS/PAGE at pH 6.5 as
described in the Experimental procedures. The position of the α-subunit of pig gastric H+,K+-
ATPase on the gels is indicated by arrows. 
Mutagenesis of Glu820 in gastric H+,K+-ATPase 
52 
Phosphorylation by ATP 
 The formation of an acid-stable phosphorylated intermediate during the catalytic cycle 
is a characteristic property of the P-type ATPases. In gastric H+,K+-ATPase phosphorylation 
occurs upon addition of Mg2+-ATP (Swarts et al. 1995). In wild type as well as in all the 
mutants the phosphorylated α-subunit was visualized as a 100 kDa band upon 
autoradiography after SDS-PAGE of the H+,K+-ATPase containing Sf9 membranes (Figure 5, 
left column). The 140 kDa band also present in these gels appears to be an inherent property 
of an endogenous ATPase present in Sf9 cell membranes, since it was also present in mock-
infected or uninfected cells (Swarts et al. 1996).  
 After preincubation with either 10 mM K+ or 0.1 mM SCH 28080, during 60 min at pH 
6.0 before addition of ATP, some differences between the wild type and the mutants could be 
observed. The 100 kDa phosphorylated band of the wild type enzyme could hardly or not be 
detected after preincubation with either K+ or SCH 28080. Similar results were obtained with 
the E820D mutant. Preincubation with either K+ or SCH 28080 did not reduce the amount of 
phosphoenzyme of mutants E820Q and E820K. On the other hand the mutants E820N, E820L 
and E820A showed no effect of preincubation with K+ on the amount of phosphorylated 
intermediate, whereas preincubation with SCH 28080 led to a (nearly complete) 
disappearance of the phosphorylated intermediate band. 
 The amount of phosphorylated intermediate of Sf9 cell membranes obtained after 
infection with baculoviruses coding for the various mutants was quantitized after filtration on 
membrane filters. The amount of phosphorylated intermediate varied from 0.89 to 2.67 pmol/ 
mg protein. These values were all significantly higher than that of mock infected cells (0.45 
pmol/ mg protein; see Table 1, first column). The phosphorylation level of the E820A mutant 
was even higher than that of the wild type enzyme, whereas the phosphorylation level of the 
E820L and E820K mutants was rather low. Table 1 also shows the residual phosphorylation 
level after preincubation with either 10 mM K+ (column 2) or 100 µM SCH 28080 (column 
3). The qualitative results from the gels shown in Figure 5 are confirmed quantitatively. A 
complete inhibition by K+ was only obtained with the wild type enzyme and with mutant 
E820D. With SCH 28080 all mutants were inhibited, except mutant E820K that was 
completely insensitive and mutant E820Q, which was only partly inhibited. The amount of 
H+,K+-ATPase protein expressed was measured in the same membrane fractions using an 
enzyme linked immunosorbent assay (Brenna et al. 1994), based on specific binding of the 
produced protein to the monoclonal antibody 5B6 (Van Uem et al. 1990). 
  Quantification of the amount of baculovirus-produced H+,K+-ATPase (mutants) was 
established by comparison of the amount of immunoreactive protein with that of the pig 
enzyme. Table 1 (fourth column) shows that the amount of immunoreactive protein in the 
isolated membrane fractions varied from 0.84% to 1.40% of total protein. It is clear that the 






Phosphorylation level (pmol / mg of protein) 
EP                           EP + K+                                 EP + SCH 28080 
H+,K+-ATPase 









0.45 ± 0.05 
2.03 ± 0.29*** 
1.04 ± 0.11*** 
1.07 ± 0.14*** 
1.76 ± 0.19*** 
2.67 ± 0.49*** 
0.89 ± 0.12** 
0.90 ± 0.11*** 
0.48 ± 0.06 
0.56 ± 0.05 
0.60 ± 0.05 
0.67 ± 0.03** 
1.03 ± 0.20*** 
2.77 ± 0.42*** 
0.85 ± 0.12* 
0.69 ± 0.07* 
0.50 ± 0.07 
0.54 ± 0.06 
0.61 ± 0.05 
0.78 ± 0.08** 
0.50 ± 0.06 
0.58 ± 0.09 
0.68 ± 0.08 
0.92 ± 0.10*** 
0.00 ± 0.00 
1.18 ± 0.16*** 
1.16 ± 0.11*** 
0.87 ± 0.14*** 
1.09 ± 0.18*** 
1.40 ± 0.24*** 
0.95 ± 0.14*** 









K+ and SCH 28080 sensitivity 
The above-described experiments were carried out in more detail by using varying K+ 
and SCH 28080 concentrations during the preincubation period in order to determine the half 
maximal inhibitory K+ and SCH 28080 concentrations. As shown in Figure 6, mutant E820D 
shows a similar K+ sensitivity (IC50 = 0.4 ± 0.1 mM; n=3) as the wild type enzyme (IC50 = 0.6 
± 0.2 mM; n=3). The other mutants, all lacking a negative charge, have much lower K+ 
sensitivities than the wild type enzyme. Figure 6 shows that the K+-sensitivity for the two 
mutants with an acid amide group E820Q (IC50 = 8.5 ± 0.5 mM; n=3) and E820N (IC50 = 12.8 
± 0.8 mM; n=3), is 10-20 times less than that of the wild type enzyme. The mutants E820A 
(IC50 = 40 ± 10 mM; n=3), E820L (IC50 = 23 ± 7 mM; n=3) and E820K (IC50 = 10 ± 2.5 mM;  
n=3) also have a reduced K+ sensitivity.  
The effect of SCH 28080 on the ATP-phosphorylation capacity (Figure 7) was also 
quantitized. The mutants E820D (IC50 = 7.8 ± 1.1 nM; n=3), E820N (IC50 = 23 ± 0.1 nM; 
n=3) and E820A (IC50
 
= 126 ± 5 nM; n=3) showed SCH 28080 sensitivity comparable to the  
Table 1. Characteristics of the isolated membranes obtained from Sf9 cells infected with
recombinant baculovirus. Sf9 cells were infected with recombinant baculovirus expressing the
(mutant) gastric H+,K+-ATPase or with the control virus DZ1 (mock) (Klaassen et al. 1993). After 72 h,
membranes were isolated according to the protocol described in the Experimental procedures. The
phosphorylation level (EP) of the membranes was determined after incubation for 10 s at 0°C at pH 
6.0 by a filtration method after preincubation with or without 10 mM K+ or 100 µM SCH 28080. The
amount of gastric H+,K+-ATPase was determined by an ELISA method and expressed as a percentage
of the total protein content taking highly purified pig gastric H+,K+-ATPase as standard;  after infection
with virus DZ1, no signal was obtained in this assay. All values are given as means ± SEM for the 
number of membrane preparations (n) shown. Differences of the results compared with the mock
infected cells were tested for significance by means of Student’s t test ( * P < 0.1;  ** P < 0.05;  *** P <
0.01)  
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Figure 7. Effect of SCH 28080 on ATP-phosphorylation capacity of H+,K+-ATPase obtained
from Sf9 membranes infected with recombinant baculoviruses. Membranes obtained from
Sf9 cells infected with either wild type or mutant baculovirus were preincubated for 60 min at 0°C
in the presence of 1 mM MgCl2 and 20 mM Tris/acetic acid, pH 6.0, in the presence of various
SCH 28080 concentrations. After phosphorylation for 10 s at 0°C with 0.1 µM [γ-32P]ATP the
phosphorylation level EP was determined, expressed as pmol . mg-1 of protein (pmol EP) and
plotted as a function of the SCH 28080 concentrations. A broken line indicates the
phosphorylation level of mock-infected cells. Bars represent SEM values for three separate
experiments. 
Figure 6. Effect of K+ on ATP-phosphorylation capacity of H+,K+-ATPase obtained from Sf9
membranes infected with recombinant baculoviruses. Membranes obtained from Sf9 cells
infected with either wild type or mutant baculovirus were preincubated for 60 min at 0°C in the
presence of 1 mM MgCl2 and 20 mM Tris/acetic acid, pH 6.0, in the presence of various K+
concentrations. After phosphorylation for 10 s at 0°C with 0.1 µM [γ-32P]ATP the phosphorylation
level EP was determined, expressed as pmol . mg-1 of protein (pmol EP) and plotted as a function
of the K+ concentrations. A broken line indicates the phosphorylation level of mock-infected cells.
Bars represent SEM values for three separate experiments. 
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wild type enzyme (IC50 = 20 ± 0.4 nM; n=3). The IC50 value for mutant E820Q, however, was 
0.6 ± 0.1 µM which value is slightly lower than found previously (1.7 ± 0.6 µM; (Swarts et al. 
1996)). Mutants E820K and E820L were not or hardly inhibited by 100 µM SCH 28080.  
 
K+ stimulated dephosphorylation 
 In order to study whether the effects of K+ on the ATPase activity and on the steady-
state phosphorylation level are due to a stimulation of the hydrolysis of the phosphorylated 
intermediate a dephosphorylation experiment was carried out. The membranes were 
phosphorylated with radioactive ATP and after dilution with unlabeled ATP incubated during 
3 s in the presence of 0, 1, 10 or 100 mM KCl. Next the residual amount of radiolabeled 
phosphorylated intermediate was determined. Figure 8 shows that the wild type enzyme has a 
K+ sensitive phosphorylated intermediate. The higher the K+ concentration the less 
phosphorylated intermediate was left after the 3 s chase period. The E820D mutant showed a 
K+ sensitivity very similar to that of the wild type enzyme. The E820N mutant showed like 
the E820Q (Swarts et al. 1996), E820K and E820L mutants (not shown), no K+ sensitivity at 






















































Figure 8. Effect of K+ on the dephosphorylation reaction of the phosphorylated
intermediate of (mutant) H+,K+-ATPase obtained from Sf9 membranes infected with
recombinant baculoviruses. Membranes obtained from Sf9 cells infected with either wild type or
mutant baculovirus were preincubated for 60 min at 0°C in the presence of 1 mM MgCl2 and 20
mM Tris/acetic acid, pH 6.0, with or without SCH 28080 were phosphorylated at 0°C with 0.1 µM
[γ-32P]ATP. After 10 s (t=0) the incubation medium was diluted with non-radioactive ATP (final
concentration 1 mM) in 25 mM Tris/acetic acid, pH 6.0, in order to prevent rephosphorylation with
radioactive ATP and incubated for 3 s with the indicated K+ concentrations. The difference
between the phosphorylation level without and with SCH 28080 (EP) was determined and
expressed as percentage of the control.  
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mM KCl, but was significantly reduced by 100 mM KCl. The low K+ sensitivity of this 
mutant reminds to the similar low sensitivity in the ATPase assay. These findings indicate that 
the K+ sensitivity in the ATPase reaction is due to its effect on the dephosphorylation reaction.  
When mutagenesis would lead to an inhibition of the conformational change between E1-P 
and E2-P one would expect that an ADP dependent dephosphorylation would have been 
found. However, no effect of 5 mM ADP on the resulting amount of phosphorylated 
intermediate could be observed (not shown), indicating that the mutants were not blocked in 




 Negatively charged residues present in the M5/M6 region of P-type ATPases are 
thought to play an important role in cation binding and translocation. In a previous study 
(Swarts et al. 1996) we investigated the role of a number of these negatively charged residues 
in rat gastric H+,K+-ATPase by mutating carboxylic acid side chains into acid amides. Of 
these mutants E820Q was a very interesting one, since it was able to form a phosphorylated 
intermediate, but did not show K+ induced dephosphorylation and thus no K+ stimulated 
ATPase activity. This indicates an important role of residue Glu820 in the coupling between 
ATP-phosphorylation and K+ transport. For a better understanding of the function of Glu820, 
additional mutants with various amino acid residues at this position were constructed. The 
different α-subunit mutants were expressed in Sf9 insect cells using a baculovirus encoding 
both H+,K+-ATPase subunits. The expression of α- and β-subunit was controlled by the 
polyhedrin and p10 promoter, respectively, which become activated during the late stage of 
the viral infection cycle (Klaassen et al. 1993; Klaassen et al. 1995; Swarts et al. 1996). 
 All mutants, E820Q, E820D, E820N, E820L, E820A and E820K, showed a 100 kDa 
band which reacted with antibodies against the N-terminus, the C-terminus and the large 
intracellular loop of the α-subunit of gastric H+,K+-ATPase, indicating that no proteolytic 
breakdown occurred in any mutant. Confocal imaging analysis showed that as in the previous 
study (Swarts et al. 1996) nearly all α-subunit was present in intracellular membranes. 
 All mutants could be phosphorylated by ATP, suggesting that Glu820 is not essential for 
the enzyme to become phosphorylated, although the level of phosphorylation varies among 
the mutants. The results with K+ stimulated ATPase activity perfectly matched with those of 
the experiments in which K+-stimulated dephosphorylation was measured. The E820D mutant 
showed a similar behavior as the wild type enzyme, the E820A mutant showed a very low K+ 
affinity in both assays, whereas all other mutants showed no K+ stimulated ATPase activity 
nor any effect of K+ on the dephosphorylation reaction.  
 The homologous residue for Glu820 in the related enzyme Na+,K+-ATPase is an Asp. 
Mutation of Glu820 into an Asp yielded an enzyme that in all assays gave similar results as the 
wild type enzyme. This suggests that a negatively charged residue at position 820 is necessary 
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and sufficient to obtain a wild type-like activity. The shorter length of the Asp side chain as 
compared to the Glu side chain has apparently no measurable effect on the K+ activation of 
ATPase and dephosphorylation reaction. Asano et al (1997) reported recently, using rabbit 
H+,K+-ATPase expressed in HEK 293 cells, that the K+-affinity of the E820D1 mutant was 
unchanged, whereas the K+-stimulated ATPase activity was 60% lower than that of the wild 
type enzyme. 
 The mutant E820A, lacking a negative charge, still showed a K+ stimulated ATPase 
activity, although with reduced K+ affinity. The dephosphorylation reaction could only be 
stimulated by high (100 mM) K+. A 20-fold reduced affinity of this mutant was recently also 
reported by Asano and coworkers (1997). We found that all other mutants, all lacking a 
negative charge and all containing larger residues than Ala do not show any K+ stimulated 
ATPase activity nor any K+ stimulated dephosphorylation, despite the fact that 
phosphorylation occurs.  
 These findings indicate that Glu820 is involved in K+ binding from the extracellular side 
resulting in dephosphorylation and probably K+ transport. This function can be fully taken 
over by another negatively charged residue at this position and only partially when a methyl 
group is present as side chain. With other (larger) residues no K+ stimulation was found. We 
do not find it likely that the methyl group in the E820A mutant is directly involved in K+ 
binding, but assume that the K+ binding pocket contains other coordinating groups in addition 
to Glu820 like Glu824. When a residue larger than a methyl group is present on this site, the 
other liganding groups cannot be reached anymore by the K+ ion, so that K+ stimulated 
dephosphorylation can no longer occur. 
 The results in which the membranes were preincubated with K+ before ATP-
phosphorylation were in part different from those in which the K+ sensitivity of the 
dephosphorylation reaction was measured. Most strikingly the E820N and the E820Q mutants 
were absolutely insensitive towards K+ in the dephosphorylation studies (Figure 8) but 
showed some sensitivity towards K+ when present during the preincubation experiments 
(Figure 6). In previous studies with intact gastric vesicles (Swarts et al. 1995) we showed that 
the effect of K+ during preincubation occurs at the cytosolic side whereas it is well known that 
the effect of K+ during dephosphorylation takes place at the extracellular side. The 
preincubation effect is due to a shift of the E2 ↔ E1 equilibrium to the left, thus preventing 
phosphorylation (Figure 1). These different effects could mean that the binding pocket for K+, 
when approached from the extracellular side, has other specificity’s than when approached 
from the cytosolic side. The mutants with an acid amide residue are apparently not able to 
bind K+ from the extracellular side but still do so in part when the ion approaches the binding 
pocket from the intracellular side. If the model for the M5/M6 region shown in Figure 2 is 
correct, residue 820 is located rather close to the extracellular side of the membrane. 
                                                          
1
 These authors used rabbit H+,K+-ATPase in which the similar amino acid is Glu822 
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Supposed that Glu824 is also involved in K+ binding, it is likely that the K+ binding pocket is 
more in the center of the membrane. One can imagine that K+ can reach this binding pocket 
from the intracellular side even if Glu820 is mutated, whereas attainability from the 
extracellular side is obstructed. In addition it is reasonable to assume that the carbonyl group 
of the acid amide residues in Gln and Asn contributes more to K+ binding than the neutral or 
positively charged residues of Ala, Leu and Lys. Further (mutational) studies are needed to 
test this hypothesis. 
 As we have already demonstrated earlier (Swarts et al. 1996) the SCH 28080 affinity is 
diminished in the E820Q mutant, suggesting a role of this residue in the SCH 28080 binding 
to the enzyme. The decrease in affinity could be measured by preincubation of the enzyme 
with SCH 28080 before measurement of the steady-state phosphorylation level. In the wild 
type enzyme this leads to a reduction in the phosphorylation level probably caused by a shift 
of the E1 ↔ E2 equilibrium to the E2 conformation. The phosphorylation of the mutants 
E820D, E820N and E820A was similarly inhibited by SCH 28080 as the wild type enzyme. 
On the other hand the mutants E820K and E820L showed, like E820Q no or only a minor 
inhibition by SCH 28080. The effects observed on SCH 28080 inhibitions are not likely due 
to a change in charge, but are might be caused by a change in the size of the amino acid 
located at position 820.  
 The present study shows the important role of Glu820 for coupling between K+ binding 
and ATP-phosphorylation in gastric H+,K+-ATPase. The direct involvement of this residue in 
SCH 28080 inhibition is less likely, although some but not all mutations of Glu820 influences 




 We thank Dr. A. Barnett for providing SCH 28080 and Drs. A. Smolka, M. Caplan and 
J. Forte for their generous gifts of the various antibodies. We thank Drs. P.H.G.M. Willems 
and F.M.A.H. Schuurmans Stekhoven for the advises during the study and for their critical 
reading of the manuscript. The Netherlands Foundation for Scientific Research (NWO-ALW) 








Mutagenesis of glutamate 820 of the gastric  
H+,K+-ATPase α-subunit to aspartate decreases  
the apparent ATP affinity 
 
Harm P.H. Hermsen, Herman G.P. Swarts, Jan B. Koenderink and Jan 
Joep H.H.M. De Pont 
 






   
 Mutagenesis of Glu820, present in the catalytic subunit of gastric H+,K+-ATPase, into an 
Asp hardly effects K+-stimulated ATPase and K+-stimulated dephosphorylation of the 
enzyme. The ATP phosphorylation rate of the E820D mutant, however, is rather low and the 
apparent affinity for ATP in the phosphorylation process of this mutant is 2-3 times lower 
than that of the wild type enzyme. The reduction in the ATP phosphorylation rate of the 
E820D mutant has only an effect on the ATPase activity at low temperature. These findings 




 Gastric H+,K+-ATPase belongs to the subfamily of P2-type ATPases which also 
includes Na+,K+-ATPase and Ca2+-ATPases (Pedersen and Carafoli 1987b; Lutsenko and 
Kaplan 1995). The H+,K+-ATPase, involved in gastric acid secretion, exchanges K+ ions from 
the lumenal side of the membrane, against H+ ions originating from the cytosol of the parietal 
cell. The energy required to perform this cation translocation, is provided by ATP hydrolysis. 
During the catalytic cycle the enzyme is phosphorylated on a conserved aspartyl residue 
present in the large intracellular loop of the α-subunit. The mechanism involved in coupling 
of cation transport to (de)phosphorylation, is not explained on a molecular scale. The Post-
Albers scheme (Figure 1) provides a framework to study the reaction mechanism of these 









Figure 1. Post-Albers scheme, describing the reaction cycle of gastric H+,K+-ATPase 
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 Within the P2-type ATPases it is accepted that, negatively charged amino acids located 
in the transmembrane domains are involved in the binding and transport of cations (Swarts et 
al. 1996; Asano et al. 1997; Hermsen et al. 1998). Site directed mutagenesis has revealed that 
glutamate 820, present in the catalytic subunit, plays a crucial role in the K+ activation of 
gastric H+,K+-ATPase (Swarts et al. 1996; Asano et al. 1997; Hermsen et al. 1998; Swarts et 
al. 1998).  
 In the latter studies a E820D mutant was expressed in Sf9 cells using baculoviruses 
encoding the gastric H+,K+-ATPase. The E820D mutant was still able to form a 
phosphorylated intermediate, and showed like the wild type enzyme a K+ activation of the 
ATPase activity, as well as a K+-stimulated dephosphorylation (Hermsen et al. 1998; Swarts 
et al. 1998). However, the maximal phosphorylation level of this mutant after 10 s at pH 6.0 
and 0°C, was only 29% of that of the wild type enzyme. When the ATP phosphorylation was 
performed at 21°C the phosphorylation level increased to 80% of that of the wild type enzyme 
(Swarts et al. 1998). 
 In the present paper we study the reason for the low phosphorylation level of the 
E820D mutant at 0°C. It is demonstrated that this mutant has a decreased apparent ATP 
affinity, which depends on the pH. This suggests that glutamate 820 is not only involved in K+ 




Mutagenesis and protein expression 
 All DNA manipulations were carried out according to standard molecular biology 
techniques described by Sambrook et al (1989). The E820D mutant was constructed with aid 
of the Unique Site Elimination (Pharmacia Biotech) procedure developed by Deng and 
Nickoloff (1992) as described before (Hermsen et al. 1998). Sf9 cells were grown at 27°C in 
100 ml spinner flask cultures as described by Klaassen et al. (1993). For production of H+,K+-
ATPase the cells were infected at a multiplicity of infection of 1-3 in the presence of 1% v/v 
ethanol (Klaassen et al. 1995) and incubated for 3 days using Xpress medium (Biowittaker, 
Walkersville, MD) containing 0.1% v/v pluronic F-68 (Sigma Bornem, Belgium) as described 
by Swarts et al (1998). Sf9 cells were harvested and membranes were isolated as decribed 
before (Swarts et al. 1998). Protein concentrations were determined with the modified Lowry 
method described by Peterson (1983) using bovine serum albumin as a standard. 
 
ATP-phosphorylation and K+-ATPase activity 
 ATP-phosphorylation was determined as described before (Klaassen et al. 1995; 
Hermsen et al. 1998; Swarts et al. 1998). Different phosphorylation conditions were used with 
respect to temperature (0°C or 21°C), pH (6.0 or 7.0) phosphorylation time 0-30 s, and ATP 
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Figure 2. Time dependence of ATP phosphorylation of H+,K+-ATPase and its mutant
E820D. SF9 membranes (1 µg) were preincubated at 21°C (open circles) or 0°C (closed
squares) with 0.2 mM EDTA, 1.2 mM MgCl2 and 50 mM Tris acetic acid (pH 6.0 or 7.0) with and
without 100 µM SCH 28080. After phosphorylation with 0.1 µM [γ32-P]ATP at the indicated
temperature, pH and time, the SCH 28080 sensitive phosphorylation level (EP) was determined
and expressed as pmol.mg-1 protein and plotted as function of  time (0-30 s). Panel A and C
represent phosphorylation of the wild type at pH 6.0 and 7.0 respectively, whereas panel B and
D represent phosphorylation of the E820D mutant also at pH 6.0 and 7.0 respectively.
Representative for three experiments. 
concentration. The SCH 28080 sensitive K+-activated ATPase activity was determined with a 
radiochemical method (Swarts et al. 1995), as has been described by Swarts et al (1998). 
 
Chemicals 
 [γ-32P]ATP (3000 Ci.mmol-1, Amersham, Buckinghamshire, UK) was diluted with non-
radioactive Tris-ATP (pH 6.0 or 7.0) to a specific radioactivity of 20-100 Ci.mmol-1. SCH 
28080, kindly provided by Dr. A. Barnett, Schering-Plough, Kenilworth, NJ. was dissolved in 
ethanol and diluted to its final concentration of 0.1 mM in 0.2 % v/v ethanol. 




















































































Expression of the E820D mutant and the wild type gastric H+,K+-ATPase in Sf9 cells, 
revealed a significant lower ATP phosphorylation level of the E820D mutant as compared to 
that of the wild type (Swarts et al. 1998). The difference in phosphorylation level between 
mutant and wild type enzyme could not be explained by a lower expression level of the 
mutant (Hermsen et al. 1998). In this report we focus on the differences between the wild type 
enzyme and the E820D mutant in order to obtain additional information about the role of 
Glu820. 
 
ATP-phosphorylation rates and levels  
Figure 2 shows the results of ATP-phosphorylation experiments carried out with both 
the wild type enzyme and the E820D mutant at two pH values (6.0 and 7.0) and two 
temperatures (0°C and 21°C). It is clear that under the standard conditions, previously used 
(Klaassen et al. 1993; Swarts et al. 1996) (10 s, pH 6.0 and 0°C), the steady-state 
phosphorylation level was reached for the wild type enzyme but not for the E820D mutant. 
Even after 30 s no maximal steady-state phosphorylation level was reached at 0°C. Moreover 
this figure shows that both the phosphorylation rate and the obtained phosphorylation level 
were lower for the E820D mutant than for the wild type enzyme. An increase of the pH 
resulted in a decrease of the phosphorylation rate, in particular at 0°C. Rising the temperature 
from 0°C to 21°C increased the phosphorylation rate both at pH 6.0 and 7.0. At 21°C a 
steady-state level was reached after 10 s at both pH values. The latter conditions were chosen 
to measure the effect of mutation on ATP affinity.      
 
ATP affinity 
Scatchard plots for the ATP dependence of the 10-s phosphorylation level of the wild 
type enzyme and the mutant E820D measured at 21°C and pH 6.0 or 7.0 are shown in Figure 
3. The maximal phosphorylation level, correspond with those shown in Figure 2 (3.5-4.3 pmol 
. mg-1 protein). The maximal phosphorylation levels were independent of the pH. The 
apparent ATP affinity of the wild type enzyme was 9 ± 2 nM and 20 ± 2 nM at pH 6.0 and 7.0 
respectively, compared to 22 ± 5 nM and 56 ± 14 nM of the E820D mutant.  The apparent 
ATP affinity of the E820D mutant was thus about 2-3 times reduced at both pH values. 
Comparison of the ATP affinities at pH 6.0 and 7.0, indicates that a 10 times decrease in the 







Figure 3. Scatchard plot of the ATP dependence of the wild type and the E820D mutant. A
10 s phosphorylation was performed, with 1 µg protein, in the presence of 0.2 mM EDTA, 1.2
mM MgCl2 and 50 mM Tris acetic acid (pH 6.0 closed circles or pH 7.0 open circles) at 21°C, for
both the wild type enzyme (panel A) and the E820D mutant (panel B). After phosphorylation with
8-200 nM [γ32-P]ATP the SCH 28080 sensitive phosphorylation level (EP) was determined and
expressed as pmol.mg-1 protein, plotted on the x-axis, whereas on the y-axis the ratio EP over
free ATP is plotted. Representative for three experiments. 
 
Effects on K+-ATPase activity 
We showed a different temperature effect on the phosphorylation rate and steady-state 
phosphorylation level of the mutant compared to the wild type. However, only small effects 
on K+ stimulated ATPase activity, determined at 37°C, were observed (Hermsen et al. 1998). 
At 37°C the maximal ATPase activity of the mutant is about 78% of that of the wild type 
activity (Figure 4). Lowering the temperature, leads to a stepwise decrease of the K+ ATPase 
activity, but more for the E820D mutant than for the wild type enzyme. This results in an 
ATPase activity of the E820D mutant, which was only 36% of that of the wild type when 
measured at 0°C.  Apparently a different step in the ATPase cycle determines the velocity of 
the wild type and the mutant E820D. 
These data were used to calculate the activation energy (Eact) of the total catalytic 
cycle, which of course is not necessarily identical to the activation energy for a particular 
reaction. From the Arrhenius plot equation the activation energy was calculated and plotted 
against the KCl concentration as shown in Figure 5. This figure shows, both for the wild type 
enzyme and the E820D mutant, that the calculated activation energy was independent on the 
K+-concentration, if higher than 0.1 mM. In addition the figure shows that the activation 
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Figure 4. Effect of the temperature on the K+-stimulated ATPase activity in Sf9 membranes
infected with recombinant baculoviruses expressing the wild type (closed squares) or the E820D
mutant (open circles) H+,K+-ATPase. The assay was performed at 37°C (panel A), 21°C (panel
B), 10°C (panel C) and 0°C (panel D). The SCH 28080 sensitive part of the ATPase activity, in
the presence of the indicated K+ concentration, 10 µM ATP, 1.2 mM MgCl2 and 50 mM Tris-
acetic acid pH 7.0 was measured. Mean values for three experiments with S.E. are presented. 





In the present study we show that the mutant E820D had a lower phosphorylation rate 
and steady state phosphorylation level compared to that of the wild type enzyme, at 0°C and 
pH 6.0. However, at 21°C the phosphorylation rate increases and the maximal 
phosphorylation levels were already obtained after 10-s. Furthermore, we noticed that 
increasing the pH to 7.0 also reduced the phosphorylation rate and steady state 
phosphorylation level of the wild type enzyme at 0°C. This might suggest that the lower 
phosphorylation rate and level of the E820D mutant is due to a reduction in H+-affinity.  
It remains difficult to pinpoint the changed phosphorylation characteristics of the 
mutant entirely on changed binding properties of H+ ions. We demonstrated that a 10 times 


































































































Figure 5. Activation energy (EACT), calculated from the Arrhenius plot equation, as a
function of the KCl concentration. The data presented in Figure 4 were used to calculate the
activation energy of the E820D mutant (open circles) and the wild type H+,K+-ATPase (closed
squares). Mean values for three experiments with S.E. are presented.   
higher H+-concentration resulted in a 2-3 times increased apparent ATP affinity. At both pH 
6.0 and 7.0 the apparent ATP affinity of the E820D mutant is 2-3 times lower than of the wild 
type enzyme. The apparent ATP affinity of the wild type enzyme at pH 7.0 is comparable 
with the affinity of the E820D mutant at pH 6.0.  
We show that the activation energy for the E820D mutant is higher than that of the 
wild type enzyme. This means that at least one of the partial reactions is influenced in the 
mutant resulting in an enzyme that needs more energy to become activated. Moreover, the K+-
stimulated ATPase activity of the E820D mutant at 37°C is similar to that of wild type. 
However, the K+-induced dephosphorylation of the mutant is similar to that of the wild type 
enzyme (Hermsen et al. 1998; Swarts et al. 1998). It is therefore likely that the increased 
activation energy of the mutant might be due to the slower phosphorylation rate of the E820D 
mutant. 
The above resulted in the hypothesis that mutagenesis of Glu820 to an Asp decreases 
both the apparent H+-affinity as well as the ATP-affinity resulting in a higher activation 
energy of this E820D mutant. Most workers locate this Glu820 (Hermsen et al. 1998) or its 
counterpart in other P-type ATPases, Asp804 (Na+,K+-ATPase) (Kuntzweiler et al. 1996), 
Asn796 (SERCA1a Ca2+-ATPase) (MacLennan et al. 1985) and Asn879 (plasma membrane 
Ca2+-ATPase) (Verma et al. 1988), in the sixth transmembrane domain of the catalytic 
subunit. On the other hand, the ATP binding site in these P-type ATPases is located in the 
large intracellular loop between transmembrane domains 4 and 5 (Andersen 1995; 
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Kuntzweiler et al. 1995; Møller et al. 1996; Pedersen et al. 1996). Pedersen et al (1997) 
showed that for the opposite D804E mutant of Na+,K+-ATPase, [3H]ATP binding was similar 
as compared to the wild type Na+,K+-ATPase, but that K+ induced displacement of [3H]ATP 
did not occur with the mutant. In conclusion, they stated that this mutant did not directly 
affect the ATP binding site. Expression of the H4H5 cytoplasmic loop of Na+,K+-ATPase in 
E.coli, had no effect on ATP selectivity compared with a fully expressed wild type enzyme 
(Gatto et al. 1998; Obsil et al. 1998). This indicates that it is unlikely that mutagenesis of the 
820 residue in the gastric H+,K+-ATPase affects ATP binding in our experiments directly. 
When we consider the Post-Albers scheme in Figure 1, it is clear that the ratio between H+ 
and K+ ions determines the equilibrium between the E1
 
and E2 conformation of the enzyme. 
The results obtained above led to the hypothesis that a decreased H+ affinity might result in a 
shift of the conformation to the E2 form, which could explain the lower apparent ATP affinity 
as well as the increased activation energy.  
In the Post-Albers scheme for P-type ATPases outward H+ transport is coupled to the 
E1-P ↔ E2-P conversion and inward K+ transport to the E2 ↔ E1 step. The equivalent residue 
for Glu820 in both SERCA- and PM-Ca2+-ATPase are likely to be involved in Ca2+-ATPase 
binding and transport (Clarke et al. 1989; Andersen and Vilsen 1994; Andersen 1995; Vilsen 
1995). In Na+,K+-ATPase D804 fulfils a role in both Na+ and K+ dependent steps (Jewell-
Motz and Lingrel 1993; Kuntzweiler et al. 1996; Pedersen et al. 1997). This suggests that the 
same binding pocket, although in a different conformation, might be involved in both outward 
and inward transport. For H+,K+-ATPase we previously presented evidence for a role of 
Glu820 in K+-dependent processes (Hermsen et al. 1998; Swarts et al. 1998). The present study 
suggests that this residue might also be involved in H+ binding and transport.   
If mutagenesis of the Glu820 into an Asp indeed affects H+-affinity, why has this 
mutation no effect on the K+-ATPase activity? At 37°C the phosphorylation reaction is 
apparently not rate limiting. Moreover, we show that upon decreasing the temperature of the 
ATPase reaction, the activity of the E820D mutant decreases more than that of the wild type, 
suggesting that at lower temperature the phosphorylation reaction rate plays a significant role 
in the total reaction rate.  
To summarise our hypothesis: mutagenesis of Glu820 to Asp leads to a decreased 
apparent ATP-affinity, which might be caused by a decreased apparent H+ affinity. These 
changes mainly affect phosphorylation kinetics, which indicates that Glu820 is not only 
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 In the reaction cycle of P-type ATPases an acid-stable phosphorylated intermediate is 
formed, which is present in an intracellularly located domain of the membrane bound 
enzymes. In some of these ATPases, like Na+,K+-ATPase and gastric H+,K+-ATPase, 
extracellular K+ ions stimulate the rate of dephosphorylation of this phosphorylated 
intermediate and so stimulate the ATPase activity. The mechanism by which extracellular K+ 
ions stimulate the dephosphorylation process is unresolved. Here we show that three mutants 
of gastric H+,K+-ATPase lacking a negative charge on residue 820, located in transmembrane 
segment six of the -subunit, have a high SCH 28080-sensitive, but K+-insensitive ATPase 
activity. This high activity is caused by an increased "spontaneous" rate of dephosphorylation 
of the phosphorylated intermediate. A mutant with an aspartic acid in stead of a glutamic acid 
residue on position 820 showed hardly any ATPase activity in the absence of K+, but K+ ions 
stimulated ATPase activity and the dephosphorylation process. These findings indicate that 
the negative charge normally present on residue 820 inhibits the dephosphorylation process. 
K+ ions do not stimulate dephosphorylation of the phosphorylated intermediate directly, but 




 P-type ATPases (Pedersen and Carafoli 1987b) are responsible for active ion transport 
across membranes. During their catalytic cycle they become phosphorylated by ATP on a 
conserved aspartyl residue present in a large intracellular loop of the catalytic subunit. Some 
of these ion pumps like Na+,K+-ATPase and gastric H+,K+-ATPase need extracellular K+ for 
their ATPase activity and transmembrane ion transport (Klaassen and De Pont 1994; Møller et 
al. 1996). Extracellular K+ ions act on the ATPase activity by stimulating the rate of 
hydrolysis of the phosphorylated intermediate. During the catalytic cycle K+ ions become 
temporarily occluded within the transmembrane segments (Beaugé and Glynn 1979; Capasso 
et al. 1992; Rabon et al. 1993). The mechanism, however, by which occluded K+ ions stimu-
late dephosphorylation of the phosphorylated intermediate within the large intracellular loop 
is still not clear. There are strong indications that polar and in particular negatively charged 
residues, present in transmembrane domains, are involved in cation binding in several P-type 
ATPases (Clarke et al. 1989; Adebayo et al. 1995; Kuntzweiler et al. 1996; Rice and 
MacLennan 1996; Pedersen et al. 1997).  
Because of the possibility that similar negatively charged residues play such a role in 
gastric H+,K+-ATPase, a number of mutants of the rat enzyme was prepared with aid of the 
baculovirus expression system (Swarts et al. 1996). In these mutants several carboxyl residues 
in and around transmembrane segments five and six of the catalytic subunit were replaced by 
their corresponding acid amide residues. One of these mutants, in which Glu820 had been 
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replaced by a Gln (E820Q), could normally be phosphorylated by ATP, but showed no K+-
stimulated ATPase activity. K+ ions had also no effect on the rate of dephosphorylation of the 
phosphorylated intermediate, indicating that this mutant had lost its K+-sensitivity. In order to 
obtain a better insight into the function of this glutamic acid residue some other mutants of 
glutamic acid 820 were investigated (Hermsen et al. 1998). A negative charge on position 820 
was shown to be sufficient for K+ stimulated ATPase activity, but mutants with a neutral or a 
positive residue on this site had lost the K+ sensitivity of both the ATPase and the 
dephosphorylation reaction. Mutant E820A was an exception to this rule in the sense that it 
did show some K+-stimulated ATPase activity, but only with a very low affinity for K+ as was 
also found by Asano et al (1997), after expression of pig H+,K+-ATPase in HEK-293 cells. In 
agreement herewith we found that the rate of dephosphorylation of the phosphorylated 
intermediate could be slightly stimulated by 100 mM K+. Lower K+ concentrations (1 and 10 
mM K+) had no effect. In this study (Hermsen et al. 1998) we also showed that the stimulatory 
effect of K+ on the ATPase activity of both the wild type enzyme and the E820D mutant was 
completely inhibited by the specific gastric H+,K+-ATPase inhibitor SCH 28080 (2-methyl,8-
methyl-(phenylmethoxy)imidazo(1,2-a) pyridine 3-acetonitrile) (Wallmark et al. 1987; 
Keeling et al. 1989). The inhibitor was not used with the other mutants since we assumed that 
the measured ATPase activity in these mutants was an endogenous property of the Sf9 cell 
membranes. 
Recently the incubation conditions for culturing Sf9 insect cells in our laboratory were 
slightly modified leading to significantly higher ATPase activities in membrane preparations 
of these cells. We noticed that in the absence of K+ the ATPase activity of the E820A, E820Q 
and E820N mutants was at least double that of the wild type enzyme and the E820D mutant. 
The latter ATPase activities were similar to that of mock-infected cells. To test the possibility 
that the high basal ATPase activity of these three mutants was caused by the expressed H+,K+-
ATPase and not by variations in the expression of endogenous ATPases the effect of SCH 
28080 was measured. We found that this compound reduced the basal ATPase activity of 
these three mutants back to the level of mock-infected cells, suggesting that these three 
mutants showed constitutive ATPase activity. This completely unexpected finding has 





Preparation of mutants 
 Rat gastric ATPase was expressed in Sf9 cells as described previously (Klaassen et al. 
1993; Swarts et al. 1996). The BaculoGold transfer vector pAcUW51 (Pharmingen, San 
Diego, CA), containing the full length cDNA of the rat H+,K+-ATP--subunits was 
used for site-directed mutagenesis (Deng and Nickoloff 1992). The obtained pAcUW51-
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HKß-wt and pAcUW51-HKß-mutants, with the DNA code 	
-subunit under control 
of the polyhedrin promoter and that of the ß-subunit under control of the p10 promoter were 
used to produce recombinant viruses. The (mutated) transfer vectors and linearized AcNPV 
DNA (BaculoGoldTM DNA) were co-transfected in Sf9 cells according to the instructions of 
the supplier. The viruses obtained by this method were further purified via a plaque assay and 
express  	
-subunit was screened by Western blotting. The presence of the desired 
mutation in the viral genome was checked by sequence and restriction analysis. Sf9 cells were 
grown at 27°C in 100 ml spinner flask cultures (Klaassen et al. 1993). For production of 
H+,K+-ATPase 1.0-1.5 x 106 cells/ ml were infected at a multiplicity of infection of 1-3 in the 
presence of 1% ethanol (Klaassen et al. 1995) and incubated for 3 days using Xpress medium 
(BioWittaker, Walkersville, MD USA) containing additionally 0.1% pluronic F-68 (Sigma 
Bornem, Belgium). By using the latter incubation conditions both the phosphorylation 
capacity and the H+,K+-ATPase activity of the expressed enzyme was 2-3 times higher than 
previously found (Swarts et al. 1996). The Sf9 cells were harvested by centrifugation at 2,000 
x g for 5 min. After resuspension at 0°C in 0.25 M sucrose, 2 mM EDTA and 25 mM 
Hepes/Tris (pH 7.0), the membranes were sonicated 2 times 30 s at 60 W (Branson Power 
Company, Denbury, USA). After centrifugation for 30 min at 10,000 x g the supernatant was 
recentrifugated for 60 min at 100,000 x g at 4o C. The pelleted membranes were resuspended 
in the above mentioned buffer and stored at -20°C. 
 
ATPase assay 
 The ATPase activity was determined with a radiochemical method (Swarts et al. 1995). 




32P]-ATP (Amersham, Buckinghamshire, UK; specific activity 100-500 mCi . 
mmol-1), 1.3 mM MgCl2, 0.1 mM EGTA, 0.2 mM EDTA, 0.1 mM ouabain, 1 mM NaN3, 25 
mM Tris-   !"	
 	
	 ##  $ %&'(		
Schering-Plough, Bloomfield, NJ., dissolved in ethanol and diluted to its final concentration 
of 0.1 mM in 0.2 % ethanol) and varying concentrations of KCl. In the absence of added K+ 
the K+			
		)'	tion for 30 min 
at 37°C the reaction was stopped and further analysed as described before (Swarts et al. 
1996). Protein was determined with the modified Lowry method according to Peterson 
(Peterson 1983) using bovine serum albumin as a standard. 
 
Phosphorylation and dephosphorylation assays 
 Phosphorylation and dephosphorylation were performed by incubating Sf9 membranes 
(10-)"		
°C or 21°C in 50 mM Tris-acetic acid (pH 6.0), 1 mM MgCl2 
   -
32
*+',*   $  -  .  hosphorylation studies part of the 
reaction mixture was diluted 8.3 times with non-	$',*		"
in order to prevent rephosphorylation with radioactive ATP, with and without 1 mM K+, and 
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was further incubated for 3 s at either 0°C or 21°C (Helmich-de Jong et al. 1985). Thereafter 
the reaction was stopped and samples were either solubilized and analysed by SDS 
polyacrylamide gel electrophoresis or the amount of phosphorylated intermediate was 
determined by a filtration method (Swarts et al. 1996). 
 
Analysis of data 
 The IC50 values for SCH 28080 were iteratively determined by fitting the concentration 
relationship to the logistic equation Y = A + (B-A)/ 1 + (10C/10X)D (A = bottom plateau; B = 
top plateau; C= IC50; D = Hill coefficient; The values of X and C were entered as the 
logarithm of concentration) using the non-linear regression computer program InPlot 
(GraphPAD Software for Science, San Diego, CA). All data are presented as mean values 
with standard error of the mean. Differences of average were tested for significance by means 





 When gastric H+,K+-ATPase is expressed by recombinant baculoviruses in Spodoptera 
frugiperda (Sf9) cells the ATPase activity present in isolated membranes of these cells 
originates both from the expressed H+,K+-ATPase and from endogenous ATPases present in 
these membranes (Swarts et al. 1996). In order to measure K+-stimulated ATPase activity we 
   	  " ',* 		  	 

 ',* 		 	





 protein.h-1 and was 
not affected by K+ up to 30 mM (Figure 1a). With higher K+ concentrations the activity 
slightly decreased (0#/01"-1 protein.h-1 at 100 mM K+), which is probably 
due to an non- 		
	'		
 +,K+-ATPase 
inhibitor SCH 28080 had no effect on the ATPase activity at any of the K+ concentrations 
used. The ATPase activity of the wild type enzyme in the absence of K+ (Figure 1b) was 




 protein.h-1 at 1 mM K+. At higher 
K+ concentrations the ATPase activity decreased again, which is likely due to a conversion of 




concentration used in these experiments (Swarts et al. 1995). The increase in activity due to 
addition of K+ could   	% 
	 % ##  	
obtained with the charge conserving E820D mutant (Figure 1c). The E820Q (Figure 1d), 
E820N (Figure 1e) and E820A (Figure 1f) mutants showed an ATPase activity in the absence 
of K+ between 0.1!-1 protein.h-1). Addition of K+ had no stimulatory effect 
on the ATPase activity for the two mutants with an acid amide residue on position 820  
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Figure 1. Effect of K+ and SCH 28080 on the ATPase activity
 of membranes from mock-
infected cells (a), wild type enzyme (b) and the E820D (c), E820Q (d), E820N (e) and E820A
(f) mutants. Membranes were prepared and the ATPase activity in the presence of the
indicated K+ concentration was determined as described in Experimental procedures. The
open circles represent ATPase activity in the absence and the closed circles in the presence
of 100 µM SCH 28080. Mean values ± SE are given for three independent membrane
preparations. 
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(E820Q and E820N), whereas the ATPase activity of the E820A mutant at K+ concentrations 




of these mutants was also reduced to the level of the mock-infected cells. The E820K and 
E820L mutants showed no ATPase activity above that of mock-infected cells and there was 
no inhibition by SCH 28080. These mutants were not further studied. 
In Figure 2 the SCH 28080 sensitive ATPase activity is given as a function of the K+ 
concentration for the wild type enzyme and for the four mutants. The wild type enzyme as 
well as the E820D mutant show a bell-shaped K+ dependence with a maximal stimulation at 1 








a negative charge is 50-90% of the maximal activity of the wild type enzyme. The maximal 
activity obtained with the E820A mutant is about twice its constitutive activity.  

























Figure 2. K+-dependence of SCH 28080 sensitive ATPase activity of (mutant) gastric
H+,K+-ATPase. The difference in the ATPase activity measured in the experiments of Figure 1
with and without 100 µM SCH 28080 is given as function of the K+ concentration. The following
symbols are used; wild type enzyme (WT; closed circles); E820D mutant (open circles; D);
E820Q mutant (open triangles; Q); E820N mutant (diamonds; N); E820A mutant (open
squares; A). Mean values are given for three independent membrane preparations. Bars
representing SE are for clarity only given in the absence of added K+ and at the K+
concentrations giving a maximal response. 
Chapter 5 
77 
To exclude the possibility that the inhibitory effect of SCH 28080 is due to an non-
specific "drug" effect, dose-inhibition curves for SCH 28080 were determined for the wild-
type enzyme and the mutants at 1 mM K+ (Figure 3). The ATPase activity of the wild type 
enzyme and the K+-sensitive E820D mutant is maximal at this K+ concentration and that of 
the other three mutants is similar to that in the absence of K+ (Figure 2). All mutants as well 
as the wild type enzyme had an IC50 value fo##	!


rather similar to that of pig gastric H+,K+-',*#(Van der Hijden et al. 1991)). 
Phosphorylation and dephosphorylation 
 Because of the high constitutive ATPase activity of the three mutants without a 
negative charge on residue 820, one would expect that they should show a high spontaneous 
dephosphorylation rate. We therefore phosphorylated the five preparations with 0.1 ',*
at pH 6.0 and 0°C as described previously (Klaassen et al. 1993; Swarts et al. 1996). These 
conditions had been chosen since the endogenous phosphorylation of the membranes of the 
Sf9 cells is relatively low under these conditions. Table I shows that at 0°C all mutants 
yielded an acid-stable phosphorylated intermediate, but the phosphorylation level of the 
various preparations, although higher than that of the mock-infected cells, varied 
considerably. The dephosphorylation rate of these preparations was measured as the reduction 
in the level of phosphorylated intermediate over 3 s (after correction for phosphorylation 




























Figure 3. Dose-inhibition curves for SCH 28080 on the ATPase activity of (mutant)
gastric H+,K+-ATPase. Symbols as in Figure 2. ATPase activity was measured with 1 mM K+ in 
the presence of SCH 28080 at the indicated concentrations. ATPase activity was measured for 
30 min as described in Experimental procedures. Representative experiment for two
preparations. 
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levels in mock-infected cells) and was found to be rather similar for all preparations (Figure 
4a). K+ (1 mM) stimulated dephosphorylation of the wild type enzyme and the E820D mutant, 
but had no effect on the phosphorylation level after 3 s of the other mutants (Figure 4b).  
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Figure 4. Dephosphorylation of phosphorylated intermediate of the wild-type enzyme 
and the E820 mutants. Similar symbols were used as in Figure 3. The membrane
SUHSDUDWLRQV ZHUH SKRVSKRU\ODWHG IRU  V ZLWK  0 UDGLRDFWLYH $73 DW HLWKHU °C (a,b) or at 
21°C (c,d) as described in Experimental procedures. Dephosphorylation was started by
addition of excess non-radioactive ATP with (b,d) or without (a,c) 1 mM K+. Samples were
taken immediately before dephosphorylation and 3 s after the start of the dephosphorylation
step. In parallel experiments membranes of mock-infected Sf9 cells were phosphorylated and 
dephosphorylated and the results obtained with the wild type enzyme and the mutants were
corrected for those of mock-infected cells. The residual phosphorylation level was expressed
as percentage of the phosphorylation level before the start of the dephosphorylation step
(values are given in Table I) and is given as mean ± SE for three preparations. 
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Since these results were difficult to match with those of the ATPase activity (Figure 2), 
we compared the conditions for ATPase activity and dephosphorylation measurements. One 
of the differences is that the ATPase activity was measured at 37°C and the 
(de)phosphorylation process at 0°C. We therefore increased the temperature for measuring 
phosphorylation and dephosphorylation to 21°C. At an even higher temperature the 
dephosphorylation process would be too fast to be measured by hand. 
Table 1 shows that at this temperature the steady-state phosphorylation level was 
higher than at 0°C, in particular for those preparations (E820D, E820Q) which had a relatively 
low phosphorylation level at 0°C. This suggests that at 0°C the steady-state phosphorylation 
level has not been reached for all mutants. At 21°C the dephosphorylation rate of the mutants 
with a high constitutive ATPase activity was indeed markedly increased, whereas the 
dephosphorylation rate for the preparations with a negative charge at position 820 was still 
relatively low (Figure 4c). In the latter two preparations 1 mM K+ stimulated the 
dephosphorylation rate up to the level of the basal dephosphorylation rate of the three mutants 
with a neutral site on residue 820 (Figure 4d). 
 
 



























wild type  
 
4.19 ± 0.16 
 
3.61 ± 0.19 
 
5.73 ± 0.18 
 




1.63 ± 0.03 
 
1.05 ± 0.11 
 
4.83 ± 0.14 
 




2.81 ± 0.03 
 
2.23 ± 0.11 
 
4.63 ± 0.03 
 




4.19 ± 0.66 
 
3.61 ± 0.67 
 
6.12 ± 0.92 
 




6.33 ± 1.27 
 
5.75 ± 1.27 
 
6.81 ± 1.33 
 
5.51 ± 1.35 
 
In the experiment described in Figure 4 SCH 28080 could not be used since this drug 
does not completely inhibit ATP-phosphorylation of some of the mutants (Swarts et al. 1996). 
To be sure that the results given above are due to phosphorylation of H+,K+-ATPase, the 
phosphorylation state of the 100 kDa band was measured after separation on SDS polyacryl-
amide gel electrophoresis. The autoradiogram of Figure 5 shows that the wild type enzyme 
and all the mutants gave indeed a 100 kDa phosphorylated band. Dephosphorylation for 3 s at 
Table 1. Phosphorylation level of recombinant gastric H+,K+-ATPase and its mutants at 0 
and 21°C. Phosphorylation was carried out as described in Experimental procedures both at 
0°C and at 21°C.  The phosphorylation level is expressed as pmol.mg-1 protein and is given as
mean ± SE for three independent preparations.**: p< 0.01;*: p< 0.05 comparison with 0°C. 
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21°C in the absence of K+ preserved the phosphorylated intermediate of 100 kDa for the wild 
type enzyme and the E820D mutant, whereas the phosphorylated band disappeared 
completely when K+ was present during the dephosphorylation period. Incubation of the 
mutants without a negative charge on position 820 resulted both in the absence and in the 
presence of K+ in an almost complete disappearance of the phosphorylated intermediate in the 
3-s period.  
 
It is theoretically possible that the mutants with an apparent intrinsic activity in the 
absence of added K+ have an extremely high affinity for K+, since the K+ concentration in the 
incubation media is always of the order of 5 (Swarts et al. 1996). We therefore measured 
the dephosphorylation reaction at 21°C in the presence of 50 mM triallylamine which 
decreases the affinity of H+,K+-ATPase for K+ by a factor 100 (Swarts et al. 1994). Whereas 
the effect of K+ on the dephosphorylation process of the wild type enzyme was reduced, 
similar to the effect observed by lowering the temperature to 0°C, no effect of K+ on the 
dephosphorylation process of the E820Q mutant was observed (not shown), excluding the 








 0 s      3 s      3 s 
                     + K+ 
Figure 5. Phosphorylation status of the 100 kDa band of gastric H+,K+-ATPase and its 
mutants after 0-s (left lane) and 3-s dephosphorylation (middle and right lanes) both with (right 
lane) and without (middle lane) 1 mM K+ at 21°C. ATP-phosphorylation and dephosphorylation,






 The results presented in this paper indicate that elimination of the negative charge of 
Glu820, present in transmembrane segment six of the catalytic subunit of gastric H+,K+-
ATPase, results in a constitutively active ATPase. The K+-insensitive ATPase activity in these 
mutants is explained by the high basal dephosphorylation rate of the phosphorylated 
intermediate. The low ATPase activity in the absence of K+ of the wild type enzyme might be 
due to an inhibitory effect of the negatively charged Glu820 on the phosphorylated 
intermediate, so preventing its hydrolysis. 
The hydrolysis of the phosphorylated intermediate of the native enzyme can be 
enhanced by extracellular K+. The ion is assumed to bind in a specific binding pocket in the 
membrane, whereupon it is released at the cytosolic side. Binding of this cation to its binding 
pocket results in an enhanced hydrolysis of the phosphorylated intermediate. It probably does 
so by inducing a conformational change resulting in a change in the environment of the 
aspartyl-phosphate bond. There are several indications that binding of K+ to its binding pocket 
in the membrane has an effect on the conformation of the large intracellular loop between the 
transmembrane segments four and five, in which K+ binding and phosphorylation occurs. A 
readily accessible tryptic digestion site at residue Lys668 is no longer available in the presence 
of K+ whereas a cleavage site at Arg455 is exposed (Helmich-de Jong et al. 1987; Munson et 
al. 1991; Van Uem et al. 1991). Fluorescence by fluorescein isothiocyanate (Jackson et al. 
1983) and eosin (Helmich-de Jong et al. 1986) agents, which both interact with the 
intracellular loop, is affected by K+. The binding of the monoclonal antibody 5B6 to this loop 
is also affected by K+ (Van Uem et al. 1990; Van Uem et al. 1991). The conformational 
change in the loop could have an effect on the accessibility of the aspartyl-phosphate bond for 
water. De Meis (1989) has shown for both Ca2+-ATPase and Na+,K+-ATPase that the opposite 
reaction (formation of a phosphorylated intermediate from inorganic phosphate) is facilitated 
when a more hydrophobic environment is created. 
The present study shows that the hydrolysis of the phosphorylated intermediate can 
also be enhanced when the negative charge of residue 820 is eliminated. When the negative 
charge is retained no enhanced hydrolysis occurs. This suggests that by removal of the 
negative charge a similar conformational change occurs as by binding of K+ to its binding 
pocket. Moreover by removal of the negative charge of residue 820 the affinity for K+ is no 
longer measurable (E820Q, E820N) or markedly reduced (E820A). This strongly suggests 
that Glu820 is involved in K+ binding and that this residue plays a role in K+-stimulated 
dephosphorylation (For a model see Figure 6).  
It thus seems that binding of K+ to its binding pocket, in which Glu820 is involved, has a 
similar effect on both ATPase activity and dephosphorylation of the phosphorylated 
intermediate as removal of the negative charge of this residue. There is, however, a difference: 
K+ can enhance the dephosphorylation rate at 0°C, whereas the mutation alone does not result 
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in an enhanced rate of dephosphorylation at this temperature. At 21°C both binding of K+ and 
elimination of the negative charge result in an enhanced dephosphorylation rate. The most 
likely explanation for the difference at 0°C is that the conformational change induced by 
binding of K+ to its binding pocket is larger than by removal of the negative charge of residue 
820. Binding of K+ to its binding pocket has its effect on more amino acid residues than on 
Glu820 alone. Possible candidates are Asp824, Glu795 and Glu343 (Swarts et al. 1996; Asano et 
al. 1996; Hermsen et al. 1998), since these amino acids are conserved and seem to play a 
similar role in other P-type ATPases (Clarke et al. 1989; Lingrel and Kuntzweiler 1994; 
Adebayo et al. 1995; Vilsen 1995; Pedersen et al. 1997). At 21°C the conformational change 
induced by the mutation is apparently sufficient to increase the hydrolysis rate of the 
phosphorylated intermediate. With the E820A mutant, containing a relatively small methyl 
group on site 820, a further stimulation of the ATPase activity is possible by increasing the K+ 
concentration above 10 mM. The latter effect can be explained by assuming that Glu820 is a 
crucial, but not the only residue in the binding pocket for K+. Upon binding of K+ more 


















Figure 6. Model for the effects of K+ binding to the native H+,K+-ATPase or of removal of 
the negative charge on Glu820 on the dephosphorylation of the phosphorylated
intermediate.
 The fourth, fifth and sixth transmembrane segment and part of the intracellular
loop between transmembrane segments four and five are shown including Asp386 which 
becomes phosphorylated during the catalytic cycle. Residue Glu820 is drawn in black. A). The
situation for the wild type enzyme after phosphorylation in the absence of K+. B). The effect of
extracellular K+ resulting in dephosphorylation. C). Spontaneous dephosphorylation of the




a single co-ordinating group in the K+ binding pocket is eliminated. Interestingly Vilsen et al. 
(Vilsen 1995; Vilsen et al. 1997) reported a high Na+-ATPase activity and a high basal 
dephosphorylation rate for mutant E781A of rat 1 Na+,K+-ATPase, which also has a reduced 
K+ affinity. Glu781 is equivalent to Glu795 in gastric H+,K+-ATPase. 
Further evidence supporting the importance of residue 820 for the K+ effects appears 
from the fact that in K+-sensitive ATPases a negatively charged residue is present at this site 
(Asp in Na+,K+-ATPase (Shull et al. 1985) and colon H+,K+-ATPase (Crowson and Shull 
1992), Glu in gastric H+,K+-ATPase (Shull and Lingrel 1986)), while K+-insensitive ATPases, 
such as Ca2+-ATPases, both from the plasma membrane type (Verma et al. 1988) and from the 
sarco- and endoplasmic reticulum type (MacLennan et al. 1985), contain a neutral Asn at this 
position. It would be interesting to investigate whether a mutation of this Asn residue into an 
Asp or Glu residue would result in a K+-sensitive Ca2+-ATPase. 
  The ion transport caused by H+,K+-ATPase is electroneutral. However, both H+ 
transport in the E1-P ↔ E2-P step and K+ transport in the E2 ↔ E1 step are electrogenic, 
although with an opposite sign (Van der Hijden et al. 1990; Stengelin et al. 1993). It is very 
interesting to know whether the constitutive ATPase activity of the three mutants without a 
negative charge on residue 820 is accompanied by ion transport and if so whether the 
transport would be electroneutral or electrogenic. The extremely low K+ affinity of the 
mutants suggests that either H+ is also transported in the opposite direction or the conversion 
of the E2 into the E1 form occurs without accompanying ion transport. It might also be that no 
ion transport occurs in either direction. The relatively low ATPase activity of the expressed 
enzyme, however, precludes transport measurements until now. 
The findings reported in this paper lead to a fundamental new concept on the 
mechanism of action of K+ on this ATPase and possibly other ATPases. The enhancing 
influence of K+ on the rate of dephosphorylation is not caused by a direct positive effect on 
the dephosphorylation process, but by neutralisation of an inhibitory effect of the binding 




 The Netherlands Foundation for Scientific Research (NWO-SLW) sponsored part of 




















Conformation dependent inhibition of gastric H+,K+-
ATPase by SCH 28080 demonstrated by 
mutagenesis of glutamic acid 820 
 
Herman G.P. Swarts, Harm P.H. Hermsen, Jan B. Koenderink, Peter 
H.G.M. Willems and Jan Joep H.H.M. De Pont 
 








 Gastric H+,K+-ATPase can be inhibited by imidazo pyridines like SCH 28080. The 
drug shows a high affinity for inhibition of K+-activated ATPase and for prevention of ATP-
phosphorylation. The inhibition by SCH 28080 can be explained by assuming that SCH 28080 
binds to both the E2 and the E2-P forms of the enzyme. We observed recently that some 
mutants, in which glutamic acid 820 present in transmembrane domain six of the catalytic 
subunit had been replaced (E820Q, E820N, E820A), lost their K+-sensitivity and showed a 
constitutive ATPase activity. This ATPase activity could be inhibited by similar SCH 28080 
concentrations as the K+-activated ATPase of the wild type enzyme. SCH 28080 also 
inhibited ATP-phosphorylation at 21°C of the mutants E820D, E820N and E820A, although 
with a varying efficacy and affinity. ATP-phosphorylation of mutant E820Q was not inhibited 
by SCH 28080; in contrast the phosphorylation level at 21°C was even nearly doubled. These 
findings can be explained by assuming that mutation of Glu820 favours the E1 conformation in 
the order E820Q > E820A > E820N > wild-type = E820D. The increase in the 
phosphorylation level of the E820Q mutant can be explained by assuming that during the 
catalytic cycle the E2-P intermediate forms a complex with SCH 28080. This intermediate 
hydrolyses considerably slower than E2-P and thus accumulates. The high tendency of the 
E820Q mutant for the E1 form is further supported by experiments showing that ATP-





Gastric H+,K+-ATPase, a P-type ATPase, is responsible for gastric acid secretion. The enzyme 
is located in the tubulovesicular system of the parietal cell and is translocated to the apical 
plasma membrane after hormonal stimulation. It catalyses an electroneutral transport of K+ 
versus H+ energised by ATP hydrolysis. Gastric H+,K+-ATPase can be reversibly inhibited by 
imidazo pyridines like 2-methyl-8-[phenyl methoxy] imidazo-(1-2-a) pyridine-3 acetonitrile 
(SCH 28080), apparently by binding to a high affinity site for K+ (Wallmark et al. 1987; 
Keeling et al. 1989; Mendlein and Sachs 1990). Munson et al. (1991) determined the binding 
site of a photoaffinity analogue of SCH 28080 to be the domain including the first two 
transmembrane segments of the -subunit as well as the extracellular loop between these 
segments. Lyu and Farley (1997) recently reported that Na+,K+-ATPase, in which twelve 
 	 
  
	 	 	 
 -subunit had been replaced by the 
homologous amino acids from H+,K+-ATPase, showed a rather high sensitivity towards this 
drug. This suggests that the N-  
 -subunit of H+,K+-ATPase is the main 
participant in SCH 28080 binding, like it is in the binding of ouabain to Na+,K+-ATPase 
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(Lingrel and Kuntzweiler 1994). On the other hand Asano et al (1997) suggested recently that 
glutamic acid 820 might also be important for the binding of SCH 28080.  
 Recently we prepared in Sf9 insect cells with aid of the baculovirus expression system 
a series of mutants of rat gastric H+,K+-ATPase in which glutamic acid 820, located in the 
sixth tran	  
  -subunit, had been replaced by various amino acids 
(Hermsen et al. 1998). All mutants (E820D, E820A, E820Q and E820N) could, like the wild-
type enzyme, be phosphorylated by ATP. The hydrolysis of the phosphorylated intermediate 
of mutant E820D could, like that of the wild-type enzyme, is enhanced by 1 mM K+. This 
mutant showed a normal K+-stimulated ATPase activity with a maximal activity at 1 mM K+. 
The dephosphorylation of the phosphorylated intermediate of the E820Q and E820N mutants 
could not be stimulated by K+ and that of the E820A mutant only at 100 mM K+. Similarly, 
the ATPase activity of the E820Q and E820N mutants was not stimulated by K+, while that of 
the E820A mutant was only slightly increased at 100 mM K+. For clarity these three mutants 
are coined in the present paper as "K+-insensitive mutants".  
 
 
 ATP phosphorylation level a 
(nM) 







                  20 ± 1 
                    8 ± 1  
                126 ± 5   
                  23 ± 1     
                600 ± 100    
0.43 ± 0.06 
0.30 ± 0.04 
0.16 ± 0.01 
0.21 ± 0.04 
     0.73 ± 0.00 
  
 Preincubation of the wild-type enzyme at 0°C with SCH 28080, a specific inhibitor of 
gastric H+,K+-ATPase, resulted in a decrease of the ATP-phosphorylation level with an IC50 
value of 20 nM (see Table 1). Similar IC50 values were obtained for the mutants E820D and 
E820N. The E820A mutant, however, was less sensitive to SCH 28080 and this compound 
could hardly reduce phosphorylation of the E820Q mutant. Thus the three "K+-insensitive 
mutants" have a different apparent affinity for SCH 28080 when ATP-phosphorylation is used 
Table 1. IC50 values for SCH 28080 on the ATP-phosphorylation level and the ATPase
activity of mutants of glutamic acid 820. a. Values from Hermsen et al. (1998). ATP-
phosphorylation level was measured for 10 s at 0°C at pH 6.0 after a preincubation for 60 min
with 1 mM Mg2+, 20 mM Tris-acetate (pH 6.0) and various concentrations of SCH 28080. IC50
values were determined after correction for the ATP-phosphorylation level of mock-infected
cells. b. Values from Swarts et al. (1998). ATPase activity was measured in the presence of 1
mM K+ for 30 min at 37°C in the presence of various SCH 28080 concentrations. IC50 values
were determined after correction for the ATPase activity of mock-infected cells. 
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as assay method. Moreover, these findings are difficult to match with the suggestion of Asano 
et al. (1997) that Glu820 is directly involved in SCH 28080 binding and make it likely that a 
more complex mechanism must exist for SCH 28080 inhibition.  
 In addition, we recently demonstrated (Swarts et al. 1998) that all three K+-insensitive 
mutants (E820Q, E820N and E820A) had an ATPase activity in the absence of K+. This 




21°C and found that the "K+-insensitive mutants" had a high spontaneous dephosphorylation 
rate which could not be further stimulated by K+.  
 
 
 The purpose of the present study is to provide a solution for these apparently contra-
dictory findings: why does SCH 28080 inhibit the ATPase activity (measured at 37°C) of all 
mutants with a rather similar affinity, whereas the IC50 values for reduction of phospho-
rylation at 0°C vary so much? To give a framework for the experiments to be described a 
simplified version of the Post-Albers model for P-type ATPases is given in Figure 1. This 

















Figure 1. The Post-Albers reaction scheme for H+,K+-ATPase including the SCH 28080 
inhibition mechanism. The clockwise reactions are indicated in the text with a positive (+) sign
and the counter-clockwise reactions with a minus (-) sign. Reaction + 4 is the conversion of E2-P 
to E2. 
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able to react with SCH 28080 (Keeling et al. 1989; Mendlein and Sachs 1990; Van der Hijden 
et al. 1991). 
 The present study shows that the K+-insensitive mutants have a high tendency for the 
E1 form, in particular at 21°C, and therefore do not bind SCH 28080 very well under non-
phosphorylating conditions. Importantly, under ATP hydrolysing conditions they are 
temporarily in the E2-P form, which does bind SCH 28080. During each catalytic cycle part of 
the enzyme is thus trapped by SCH 28080 and therefore inhibited. The lack of reduction of 
the ATP-phosphorylation level by SCH 28080 of mutant E820Q thus does not mean that 
residue Glu820 is directly involved in SCH 28080 binding, but only indicates the very low 
tendency of this mutant for the E2 conformational state of the enzyme. 
 
EXPERIMENTAL  PROCEDURES 
 
Preparation of mutants  
 Rat gastric H+,K+-ATPase was expressed in Sf9 cells as described previously (Klaassen 
et al. 1993; Swarts et al. 1996). The BaculoGold transfer vector pAcUW51 (Pharmingen, San 
Diego, CA), containing the full length cDNA of the rat H+,K+-ATP	--subunits was 
used for site-directed mutagenesis (Deng and Nickoloff 1992). The obtained pAcUW51-
HKß-wt and pAcUW51-HKß-	&'(
 -subunit under control 
of the polyhedrin promoter and that of the ß-subunit under control of the p10 promoter were 
used to produce recombinant viruses. The (mutated) transfer vectors and linearised AcNPV 
DNA (BaculoGoldTM DNA) were co-transfected in Sf9 cells according to the instructions of 
the supplier. The viruses obtained by this method were further purified via a plaque assay and 
express 
 -subunit was screened by Western blotting. The presence of the desired 
mutation in the viral genome was checked by sequence and restriction analysis. 
  
Production of recombinant H+,K+-ATPase 
 Sf9 cells were grown at 27°C in 100 ml spinner flask cultures (Klaassen et al. 1993). 
For production of H+,K+-ATPase 1.0-1.5 x 106 cells/ ml were infected at a multiplicity of 
infection of 1-3 in the presence of 1% ethanol (Klaassen et al. 1995) and incubated for 3 days 
using Xpress medium (BioWittaker, Walkersville, MD USA) containing additionally 0.1% 
pluronic F-68 (Sigma Bornem, Belgium). By using the latter incubation conditions both the 
phosphorylation capacity and the H+,K+-ATPase activity of the expressed enzyme was 2-3 
times higher than previously found (Swarts et al. 1996). 
  
Preparation of Sf9 membranes  
 The Sf9 cells were harvested by centrifugation at 2,000 g for 5 min. After resuspension 
at 0°C in 0.25 M sucrose, 2 mM EDTA and 25 mM Hepes/Tris (pH 7.0), the membranes were 
sonicated 3 times 15 s at 60 W (Branson Power Company, Denbury, USA). After 
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centrifugation for 30 min at 10,000 g the supernatant was recentrifugated for 60 min at 
100,000 g at 4oC. The pelleted membranes were resuspended in the above mentioned buffer 
and stored at -20°C. 
  
Protein determination 
 Protein was determined with the modified Lowry method described by Peterson (1983) 
using bovine serum albumin as a standard. 
  
ATP phosphorylation capacity 
 ATP phosphorylation was determined as described before (Swarts et al. 1998). Sf9 cell 
membranes (amounts indicated in the legends) were incubated at 0°C or 21°C in 50 mM Tris-




+,-32P]ATP was added and 
incubated for the indicated time at either 0°C or 21°C. The reaction was stopped by adding 
5% trichloroacetic acid in 0.1 M phosphoric acid and the phosphorylated protein was 
collected by filtra)brane filter (Schleicher and Schull, Dassel, Germa-
ny). After repeated washing the filters were analysed by liquid scintillation analysis.  
  
Dephosphorylation studies 
 For dephosphorylation studies phosphorylation was carried out and the 
dephosphorylation mixture was diluted 8.3 times with non-radioactive ATP (final 
#&  ) 	phorylation with radioactive ATP and was 
further incubated for 3-30 s at 21°C (Helmich-de Jong et al. 1985). The reaction was stopped 
at the time points indicated and the amount of phosphorylated intermediate was determined as 
described above. 
  
Analysis of data 
 The IC50 values for SCH 28080 were iteratively determined by fitting the concentration 
relationship to the logistic equation Y = A + (B-A)/ 1 + (10C/10X)D (A = bottom plateau; B = 
top plateau; C= IC50; D = Hill coefficient; the values of X and C were entered as the logarithm 
of concentration) using the non-linear regression computer program InPlot (GraphPAD Soft-
ware for Science, San Diego, CA). All data are presented as mean values with standard error 




32P]ATP (3000 Ci.mmol-1, Amersham, Buckinghamshire, UK) was diluted with non-
radioactive Tris-ATP (pH 6.0) to a specific radioactivity of 20-100 Ci.mmol-1. SCH 28080, 
kindly provided by Dr. A. Barnett, Schering-Plough, Kenilworth, NJ. was dissolved in ethanol 
and diluted to its final concentration of 0.1 mM in 0.2 % ethanol.  
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RESULTS AND DISCUSSION 
 
 The mechanism of the SCH 28080 induced decrease of the steady-state ATP 
phosphorylation level and the ATPase activity of the pig gastric H+,K+-ATPase has previously 
been explained with aid of the adapted form of the Post-Albers scheme given in Figure 1 
(Keeling et al. 1989; Mendlein and Sachs 1990; Van der Hijden et al. 1991). This model will 
be used as a framework to explain the behaviour of both the wild-type enzyme and the Glu820 
mutants. 
SCH 28080 reduction of the ATP phosphorylation capacity 
 The effect of SCH 28080 on the phosphorylation level had previously been measured 
by preincubation with the drug for 1 h at 0°C followed by a 10-s phosphorylation at 0°C using 
0.1 ("-.+(Hermsen et al. 1998). Since we recently observed with some mutants 
(E820D, E820Q) that a higher phosphorylation level could be reached at a (pre)incubation 
temperature of 21°C (Swarts et al. 1998), dose-inhibition curves for SCH 28080 were carried 
out at both temperatures. Figure 2A shows that at 0°C the wild-type enzyme showed a 
sigmoid dose-inhibition curve with an IC50 value of 30 nM. At 21°C the dose-inhibition curve 
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Figure 2. Effect of SCH 28080 on ATP phosphorylation capacity of the H+,K+-ATPase
mutants at 0°C and 21°C. Membranes (4-8 µg) obtained from Sf9 cells infected with either wild-
type virus (A) mutant E820A (B) or mutant E820Q (C) were preincubated for 60 min at either 0°C
or 21°C in the presence of 1.2 mM MgCl2, 0.2 mM EDTA, 50 mM Tris-acetic acid (pH 6.0) and the
indicated SCH 28080 concentrations. After phosphorylation for 10 s at 0°C or 21°C with 0.1 µM
[γ-32P]ATP the phosphorylation level (E-P; pmol.mg-1 protein) was determined and corrected for
that of mock-infected cells. Mean values ± SEM of three enzyme preparations. 
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for the wild-type enzyme shifted to the right (IC50 /     -
sensitive decrease in apparent affinity for SCH 28080. These findings can be explained by 
assuming that the wild-type enzyme is at least partly present in the E2 conformation, which 
forms an E2.SCH complex during the preincubation period (reaction -7). As a result a new 
equilibrium between E1 ↔ E2 ↔ E2.SCH is achieved, which depends on the SCH 28080 
concentration used. Upon addition of ATP the residual E1 reacts and E1-P is formed (reaction 
+2), which is rapidly converted into the E2-P conformation (reaction +3). The decrease in 
apparent affinity for SCH 28080 upon increasing the temperature from 0°C to 21°C might be 
due by a shift in the E1 ↔ E2 equilibrium to the left, resulting in formation of less E2.SCH 
complex at sub-optimal SCH 28080 concentrations. Alternatively, the increase in temperature 
might also shift the E2 ↔ E2.SCH equilibrium to the left, so indirectly resulting in more E1 
and thus a higher phosphorylation level.  
 The phosphorylation level of the E820Q mutant (Figure 2C) was not reduced by SCH 
28080 at 0°C. At 21°C the phosphorylation level even increased resulting in a nearly doubling 
of the phosphorylation level at SCH 28080 concentrations be##*0

1 )    "  	   1 % 		  
E820Q mutant in the absence of SCH 28080 is nearly completely present in the E1 form. 
Upon addition of ATP phosphorylation occurs resulting in formation of E2-P (reactions +2 
and +3). When SCH 28080 is present E2-P will at least in part be converted into the E2-P.SCH 
form (reaction +5). The residual part of E2-P will be rapidly hydrolysed into E2 (reaction +4), 
due to the high spontaneous hydrolysis rate of this mutant (Swarts et al. 1998). Since the E1 
↔ E2 equilibrium for this mutant is directed to the left, E1 is subsequently formed (reaction 
+1) and phosphorylation starts again (reactions +2 and +3). It is likely that after a number of 
cycles the entire enzyme accumulates in the E2-P.SCH form, which explains the increase in 
the phosphorylation level obtained with this mutant.  
 We suppose that at 0°C the E1 ↔ E2 equilibrium for the E820Q mutant is, like for the 
wild type and all other mutants, slightly more directed towards the E2 form. We postulate that 
the lack of effect of SCH 28080 on the phosphorylation level might be a combination of a 
reducing effect (resulting in E2.SCH) and a stimulatory effect (resulting in the E2-P.SCH 
form). In our previous experiments (Swarts et al. 1996; Hermsen et al. 1998), we found 
maximally 40% reduction at very high SCH 28080 concentrations, suggesting that in the 
preparation used in those studies the inhibitory effect was slightly higher than the stimulatory 
effect. 
 The results for the E820A mutant (Figure 2B) were intermediate between those for the 
wild-type enzyme and the E820Q mutant. The ATP-phosphorylation level measured at 0°C 
was less sensitive towards SCH 28080 than that of the wild-type enzyme and could not be 

%  % #  23.  " 23. 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was still more than 50% of the control level. These findings can at least qualitatively be 
explained by assuming for the E820A mutant that at both temperatures the E1 ↔ E2 
equilibrium lies more in the direction of E2 than for the E820Q mutant but less as compared to 
that of the wild-type enzyme. ATP cannot phosphorylate the part that is in the E2 form 
whereas the part that is in the E1 form can be phosphorylated, but might result in the more 
stable phosphorylated intermediate E2-P.SCH through reaction 5. The final result is thus 
probably a concentration dependent combination of a decrease of E2-P and an increase in E2-
P.SCH. 
Time course of SCH 28080 effect 
 We investigated the difference between the effect of high SCH 28080 concentrations 
on the phosphorylation level at 21°C for the wild-type enzyme (decrease) and the E820Q 
 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phosphorylation. Figure 3 shows that addition of SCH 28080 resulted in an immediate 
decrease in the phosphorylation level of the wild-type enzyme and in an immediate increase in 
that of the E820Q mutant. In both cases a new steady-state level was reached within 20-30 s, 










































Figure 3. Time course of the effect of SCH 28080 on the ATP-phosphorylation capacity of the
wild-type enzyme and the E820Q mutant. Membranes (4 µg) obtained from Sf9 cells infected with
either wild-type virus (A) or mutant E820Q (B) were preincubated for 60 min at 21°C in the presence
of 1.2 mM MgCl2, 0.2 mM EDTA and 50 mM Tris-acetic acid (pH 6.0). At t = 0 s 0.1 µM [γ-32P]ATP
(final concentration) was added and the level of the phosphorylated intermediate was followed in time.
At t = 15 s 100 µM SCH 28080 (final concentration) was added. Data were corrected for those of
mock-infected cells. Representative for 2 to 3 experiments. 
Chapter 6 
95 
which level was similar to that obtained when the enzyme was preincubated for 60 min with 
SCH 28080 prior to the addition of ATP (dotted line for E820Q). The rate of equilibrium 
change is in the same order of magnitude as described for the binding of SCH 28080 at this 
temperature (Keeling et al. 1989), suggesting that the binding rate primarily determined the 
rate of this process. 
 If the wild-type enzyme is first phosphorylated resulting into formation of E2-P, 
addition of SCH 28080 will according to the model of Figure 1 lead to formation of E2-P.SCH 
(reaction +5), which complex dephosphorylates to E2.SCH (reaction +6). Alternatively E2-P 
dephosphorylates to E2 (reaction +4), which form can also react with SCH 28080 (reaction -7) 
to E2.SCH. Independent of the route this explains the SCH 28080 induced decrease of the 
phosphorylation level. 























Figure 4. The dephosphorylation rate of the phospho-intermediates of the H+,K+-ATPase
(mutants) generated in the absence and presence of SCH 28080. Membranes (13-19 µg)
obtained from Sf9 cells infected with either wild-type virus (A), mutant E820A (B) or mutant
E820Q (C) were preincubated with (z) and without 0.1 mM SCH 28080 (o) in the presence of 1.2
mM MgCl2, 0.2 mM EDTA and 50 mM Tris-acetic acid (pH 6.0) for 30-60 min at 21°C and
phosphorylated with 0.1 µM [γ-32P]ATP. After 10 s (t=0) the incubation medium was diluted from
60 µl to 500 µl with non-radioactive ATP (final concentration 10 µM) in the presence of 50 mM
Tris-acetic acid (pH 6.0), 1 mM Mg2+, with (z) and without (o) SCH 28080 in order to prevent
rephosphorylation with radioactive ATP and incubated for 3-30 s. The residual phosphorylation
level (E-P; pmol.mg-1 protein), corrected for the mock infected levels, is plotted as a function of
time. Mean values ± SEM of three enzyme preparations. 
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 With the E820Q mutant the E2-P intermediate will in part be converted into E2-P.SCH 
and in part be dephosphorylated into E2. Because of the direction of the E1 ↔ E2 equilibrium 
E1 will be formed (reaction +1) and phosphorylation starts again. This will finally result in an 
accumulation of E2-P.SCH and thus to an increased phosphorylation level.  
 
Dephosphorylation kinetics of the phospho-intermediates 
 If the above reasoning is correct the type of phosphorylated intermediate obtained with 
the E820Q mutant will be different in the absence of SCH 28080 (E2-P) from that obtained in 
the presence of SCH 28080 (E2-P.SCH). We therefore studied the dephosphorylation kinetics 
of the phosphorylated intermediates obtained under various conditions in the absence of K+. 
Figure 4A shows the dephosphorylation process of the phospho-intermediate of the wild-type 
enzyme (reaction 4). The measured rate constant at 21°C was 0.08 ± 0.011 s-1 (n=4). In the 
presence of 0.1 mM SCH 28080 no phosphorylated intermediate was formed. 
 In the absence of SCH 28080 both the E820A and the E820Q mutant formed a 
phosphorylated intermediate that dephosphorylated rapidly. After 3 s only 19 ± 4.2% (n=3; 
E820A) and 12 ± 3.6% (n=3; E820Q) of the phosphorylated intermediate was left, indicating 
that the dephosphorylation rates were at least 0.5 s-1. The dephosphorylation rate constants of 
the phospho-intermediate generated in the presence of SCH 28080 of the mutants E820A 
(0.05 ± 0.004 s-1; n=3) and E820Q (0.05 ± 0.002 s-1; n=3) were very low, indicating that a 
different type of phosphorylated intermediate (E2-P.SCH instead of E2-P) was formed. With 
the E820A mutant the initial phosphorylation level was decreased due to partial inhibition of 
the phosphorylation process (see also Figure 2B), whereas with the mutant E820Q the initial 
phospho%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The effects of inorganic phosphate, vanadate and K+ on the ATP phosphory-
lation capacity 
 Table 2 describes the results from some additional experiments at 21°C, which confirm 
the model of Figure 1. In this Table results with two other mutants (E820D and E820N) are 
included. In the absence of SCH 28080 the 10-s phosphorylation level at 21°C varied for these 
mutants between 2.9 and 5.4 pmol E-P per mg protein. The observed difference might either 
be due to the fact that under these conditions the maximal phosphorylation level had not been 
reached for all mutants or to differences in the amount of correct folded enzyme. It is known, 
at least for P-type ATPases, that in the baculovirus system, only part of the expressed protein 
is active (De Tomaso et al. 1993; Swarts et al. 1996; Xie et al. 1996; Liu and Guidotti 1997). 
 After prein#23.	%)

mutant was like that of the wild-type enzyme nearly completely reduced. Comparison of the 
phosphorylation level of the three other mutants shows that the E820N mutant was the only of 
these "K+-insensitive mutants" which was significantly, although only partly, reduced. The 
phosphorylation level of the E820A mutant was slightly decreased and that of the E820Q 
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mutant was enhanced as described above. This suggests that the E1 ↔ E2 equilibrium for the 
E820N mutant lies further in the E2 direction than for the E820A and the E820Q mutants. The 
inhibition by SCH 28080 of the phosphorylation level of the E820N mutant at 21°C is again 
less than at 0°C (Hermsen et al. 1998) which is in agreement with a temperature-dependent 
shift of the E1 ↔ E2 ↔ E2.SCH equilibrium towards E1. 
 
ATP phosphorylation capacity (pmol P . mg-1)  








4.06 ± 0.56 
3.67 ± 0.04 
2.86 ± 0.22 
3.94 ± 0.25 
5.38 ± 1.66 
0.01 ± 0.25** 
0.33 ± 0.08** 
6.27 ± 0.44** 
1.65 ± 0.64* 
4.02 ± 1.61 
1.40 ± 0.28* 
1.39 ± 0.19** 
2.65 ± 0.11 
3.21 ± 0.25 
4.80 ± 1.44 
-0.09 ± 0.14** 
0.16 ± 0.08** 
3.66 ± 0.43 
0.11 ± 0.27** 
0.55 ± 0.36* 
-0.05 ± 0.08** 
0.07 ± 0.18** 
1.49 ± 0.10** 
0.10 ± 0.10** 
4.11 ± 1.02 
0.06 ± 0.28** 
0.23 ± 0.07** 
1.60 ± 0.16** 
2.65 ± 0.28* 
4.20 ± 1.12 
H+,K+-ATPase can be phosphorylated by inorganic phosphate on the same aspartyl 
residue that becomes phosphorylated by ATP (Van der Hijden et al. 1991). Once part of the 
enzyme molecules is phosphorylated by non-radioactive inorganic phosphate only the 
unphosphorylated part of the enzyme molecules can react with radioactive ATP. Table 2 
(column 3) shows that after preincubation with 1 mM inorganic phosphate the ATP-
phosphorylation level of both the wild-type enzyme and the E820D mutant was some 60% 
lower than that in the absence of inorganic phosphate whereas phosphorylation of the K+-
insensitive mutants (E820Q, E820A and E820N) was not reduced. This indicates that 
maximally 40% of the wild type enzyme and the E820D mutant are not phosphorylated by 
inorganic phosphate under these conditions. The fact that preincubation with inorganic 
phosphate has no effect on the ATP-phosphorylation level of the three K+-insensitive mutants 
suggests that either these mutants do not form a phosphorylated intermediate with inorganic 
phosphate or form a very labile intermediate which hydrolyses during the phosphorylation 
period with ATP. Since phosphorylation with inorganic phosphate only occurs with the E2 
Table 2. The effect of SCH 28080, inorganic phosphate, vanadate and K+ on the steady
state ATP phosphorylation level. Sf9 membranes (4-8 µg) were preincubated in the presence of
50 mM Tris-acetic acid (pH 6.0), 1.2 mM MgCl2, 0.2 mM EDTA and in addition with either 0.1 mM
SCH 28080, 1 mM inorganic phosphate pH 6.0 (Pi), 0.1 mM SCH 28080 + 1.0 mM Pi, 1 mM
vanadate or 10 mM KCl at 21°& $IWHU  PLQXWHV  0 >γ-32P]ATP (final concentration) was added
and after 10 s the amount of phosphorylated intermediate was determined. The data are corrected for
the levels obtained with membranes of mock infected Sf9 cells. Averages with standard error of the
mean for three enzyme preparations are presented. Differences of the data compared to the control
values are tested for significance by means of Student's t test (*, p<0.05; **, p<0.01). 
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form of the enzyme, this supports the hypothesis that the "K+-insensitive mutants" favour the 
E1 conformation. 
 We previously observed with pig gastric ATPase that SCH 28080 increased the steady-
state phosphorylation level by inorganic phosphate which we attributed to formation of an E2-
P.SCH complex (Van der Hijden et al. 1991). We therefore preincubated the preparations with 
1 mM inorganic phosphate and 0.1 mM SCH 28080 before phosphorylation with radioactive 
ATP. With the wild type enzyme and the E820D mutant no radioactive phosphorylated 
intermediate was found. Similar findings were observed with the E820N and the E820A 
mutants. Only the E820Q mutant formed a radioactive phosphorylated intermediate under this 
condition, although the level was lower than with SCH 28080 alone. These findings confirm 
that SCH 28080 promotes phosphorylation with inorganic phosphate in such a way that for 
the wild type enzyme and all mutants, except E820Q, no significant phosphorylation with 
ATP could be measured. The results with the E820Q mutant indicate that in the combined 
presence of SCH 28080 and inorganic phosphate relatively few phosphorylated intermediate 
is formed from inorganic phosphate resulting in a relative large phosphorylation with ATP. 
This suggests that from the tested mutants the E820Q mutant has the highest preference for 
the E1 form. 
 Vanadate is an inhibitor of P-type ATPases (Faller et al. 1983; Yamasaki and 
Yamamoto 1991) that also reacts with the E2 form of these enzymes. Previously we observed 
that preincubation of the E820Q mutant with 1 mM vanadate only partly prevented ATP-
phosphorylation, whereas ATP-phosphorylation of the wild-type enzyme was completely 
reduced (Swarts et al. 1996). These findings can again be explained by the preference of the 
E820Q mutant for the E1 conformation. Table 2 shows that phosphorylation of the E820D 
mutant is like that of the wild type enzyme reduced by preincubation with 1 mM vanadate. 
Phosphorylation of the E820N mutant was also sensitive to vanadate. Vanadate had 
surprisingly no significant effect on the E820A mutant. If the E820Q mutant would be more 
directed to the E1-form than the E820A mutant as the experiments with SCH 28080 and 
inorganic phosphate suggest, one would expect relatively more inhibition by vanadate of the 
E820A mutant than of the E820Q mutant. 
 Preincubation with 10 mM K+ also prevented largely the phosphorylation of both the 
wild-type enzyme and the E820D mutant but did not or only partly (22-44%) prevents 
phosphorylation of the three other mutants. Both the wild-type enzyme and the E820D mutant 
are poised into the direction of the E2 conformation by K+ and therefore do not phosphorylate. 
In experiments with intact gastric vesicles we previously showed that this effect of K+ occurs 
from the cytosolic side through a low affinity-binding site (Swarts et al. 1995). Mutation of 
Glu820 into a Asn or Gln results in a complete abolishment of the high-affinity binding site, 
located at the extracellular side, as shown by dephosphorylation studies (Hermsen et al. 1998; 
Swarts et al. 1998). The fact that preincubation with 10 mM K+ partly prevents 
phosphorylation of the mutants E820N (33%) and E820Q (44%) suggests that the low-affinity 
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K+ binding site is also modified in these mutants, although the effects on both sites are not 
completely similar. 
  
SCH 28080 inhibition in the ATPase activity measurements 
 Under ATP hydrolysing conditions (37°C and long incubation periods), the wild-type 
enzyme as well as the Glu820 mutants come temporarily in the E2 or E2-P form, both of which 
bind SCH 28080. During each catalytic cycle part of the enzyme is thus trapped by SCH 
28080 and therefore inhibited. This explains why the IC50 values of SCH 28080 for the wild-
type enzyme and the E820 mutants in the ATPase differ only slightly (Table 1). 
 Asano et al. (1997) recently came to the conclusion that Glu822 in rabbit H+,K+-ATPase 
(equivalent to Glu820 in the rat enzyme) is one of the important sites that bind SCH 28080. 
Their conclusion was based on a significantly lower sensitivity of the K+-stimulated ATPase 
reaction to SCH 28080 for the E822D mutant (IC50/#*
-type enzyme 
#"	 
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had a slightly higher sensitivity for SCH 28080 than the wild-type enzyme, both in the 
phosphorylation and the ATPase experiment (see Table 1). In addition our studies indicate 
that a direct involvement of the Glu820 residue in SCH 28080 binding is unlikely and that the 
measured effects are due to conformational changes. 
 
Concluding remarks 
 The present study shows that differences in sensitivity for SCH 28080 on the ATP-
phosphorylation level between various Glu820 mutants of gastric H+,K+-ATPase are not due to 
a direct involvement of Glu820 for SCH 28080 binding, but to differences in K+-sensitivity and 
the direction of the E2 ↔ E1  equilibrium. In general: if mutation of a certain amino acid has 
an effect on the degree of enzyme inhibition, it does not prove that the mutated residue is 
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 To study the role of Glu795, present in the fifth transmembrane domain of the α-subunit 
of gastric H+,K+-ATPase, several mutants were generated and expressed in Sf9 insect cells. 
The E795Q mutant had rather similar properties as the wild type enzyme. The affinity for K+ 
in both the ATPase reaction and the dephosphorylation of the phosphorylated intermediate 
was even slightly enhanced. This indicates that the carbonyl group of Glu795 is sufficient for 
enzymatic activity. This carbonyl group, however, has to be on a particular position with 
respect to the other liganding groups, since the E795D and E795N mutants showed a strongly 
reduced ATPase activity, a lowered K+ affinity and a decreased steady-state phosphorylation 
level. In the absence of a carbonyl residue on position 795 the K+ sensitivity was either 
strongly decreased (E795A) or completely absent (E795L). The mutant E795L, however, 
showed a SCH 28080 sensitive ATPase activity in the absence of K+, as well as an enhanced 
spontaneous dephosphorylation rate, that could not be further enhanced by K+, suggesting that 
this mutant mimics the filled K+ binding pocket. The results indicate that the Glu795 residue is 
involved in K+-stimulated ATPase activity and K+ induced dephosphorylation of the 
phosphorylated intermediate. Glu795 might also be involved in H+ binding during the 
phosphorylation step, since the mutants E795N, E795D and E795A showed a decrease in the 
phosphorylation rate as well as in the apparent ATP-affinity in the phosphorylation reaction. 




 Transport of H+ and K+ cations across the membrane is the main physiological function 
of gastric H+,K+-ATPase and results in an acidification of the gastric lumen. The energy 
needed for this transport is supplied by the hydrolysis of ATP. During the catalytic cycle an 
aspartate residue present in a conserved region of the large intracellular loop between the 
fourth and fifth transmembrane domains of the (catalytic) α-subunit becomes phosphorylated 
by ATP (Lutsenko and Kaplan 1995). This is one of the main characteristics of the P2-type 
ATPases, a subfamily which also includes Na+,K+-ATPase and Ca2+-ATPases (Pedersen and 
Carafoli 1987).  
 Up to now, one of the unresolved issues concerning these ATPases is the coupling 
between ATP hydrolysis and ion transport. In purified renal Na+,K+-ATPase, proteolytic 
digestion has shown that the cation occlusion cavity is within the transmembrane domains 
(Capasso et al. 1992). Additionally, chemical labelling has revealed a possible role of 
carboxylic acids, located in the membrane spanning regions, in cation-binding (Arguello and 
Kaplan 1991; Goldshleger et al. 1992; Arguello and Kaplan 1994). In particular, highly 
conserved polar residues (like aspartate and glutamate) present in transmembrane domains 
four, five and six play a pivotal role with respect to cation-binding in Na+,K+-ATPase (Van 
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Huysse et al. 1993; Andersen and Vilsen 1995; Kuntzweiler et al. 1995a; Arguello et al. 1996; 
Kuntzweiler et al. 1996; Pedersen et al. 1997; Vilsen et al. 1997), SR Ca2+-ATPase (Clarke et 
al. 1989; Andersen and Vilsen 1992; Vilsen 1993; Andersen 1994; Andersen and Vilsen 1995; 
Vilsen et al. 1997) and gastric H+,K+-ATPase (Asano et al. 1996; Swarts et al. 1996; Asano et 
al. 1997; Hermsen et al. 1998; Swarts et al. 1998). The putative transmembrane regions M5 
and M6 of the gastric H+,K+-ATPase contain three of these negatively charged residues 
(Glu795, Glu820 and Asp824). Mutagenesis of Asp824 to an Asn resulted in an enzyme, which 
could no longer be phosphorylated (Swarts et al. 1996). Several Glu820 mutants on the other 
hand could be phosphorylated but, with exception of the E820D and E820A mutants, showed 
no K+-stimulated dephosphorylation and no K+-stimulated ATPase activity (Hermsen et al. 
1998). Some of these mutants even demonstrated an enhanced spontaneous dephosphorylation 
rate and a K+-independent (constitutive) ATPase activity (Swarts et al. 1998). This led to the 
hypothesis that Glu820 is part of the K+-binding pocket and that K+ ions neutralise the 
negatively charged binding pocket, which normally inhibits the dephosphorylation process 
(Swarts et al. 1998). 
 Concerning the third negatively charged residue in this M5 and M6 region, we 
previously found no striking differences between the properties of the E795Q mutant and the 
wild type enzyme, with respect to K+-stimulated ATPase activity and K+-induced 
dephosphorylation (Swarts et al. 1996). This apparently contrasts with Na+,K+-ATPase and 
SR type Ca2+-ATPase where the analogous residues are thought to play an essential role in 
cation-binding and transport (Clarke et al. 1989; Feng and Lingrel 1995; Vilsen 1995; Koster 
et al. 1996).  
 The studies with the Glu820 mutants (Swarts et al. 1996; Hermsen et al. 1998; Swarts et 
al. 1998; Hermsen et al. 1999; Swarts et al. 1999) indicated that a single mutation gives only 
limited information on the significance of this residue in the mechanism of action of the 
enzyme. Therefore, a series of mutants targeted to Glu795 were prepared and characterised. 
This should give us the information whether the Glu795 residue is involved in K+ and/or H+ 




Site directed mutagenesis 
 All DNA manipulations were carried out according to standard molecular biology 
techniques described by Sambrook et al (1989). The rat gastric H+,K+-ATPase α-subunit 
cDNA (Klaassen et al. 1993) was digested with BglII and ligated into the BamHI site of the 
pFastbacdual vector (Life Technologies, Breda, The Netherlands), which is located behind the 
polyhedrin promotor. The β-subunit cDNA of rat gastric H+,K+-ATPase (Klaassen et al. 1993) 
was digested with BamHI and ligated into the BbsI site behind the p10 promotor of the same 
pFastbacdual vector already containing the α-subunit. Site directed mutagenesis was 
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performed using the Altered Sites II in vitro mutagenesis system (Promega, Madison WI). 
The target mutagenic primer introduced the desired mutation in the α-subunit together with 
the introduction of a silent mutation hereby creating or deleting a specific restriction site 
useful for the detection of the mutants. After selection and subcloning of the mutated α-
subunit in the pFastbacdual vector all mutants were checked by sequence analysis.     
 
Generation of recombinant viruses 
 Competent DH10bac Escherichia coli cells (Life Technologies, Breda, The 
Netherlands) harbouring the baculovirus genome (bacmid) and a transposition helper vector, 
were transformed with the pFastbacdual transfer vector containing the different (mutant) 
cDNAs. Upon transposition between the Tn7 sites in the transfer vector and the bacmid, 
recombinant bacmids were selected and isolated (Luckow et al. 1993). Subsequently, insect 
Sf9 cells were transfected with recombinant bacmids using Cellfectin reagent (Life 
Technologies, Breda, The Netherlands). After a three-day incubation period, recombinant 
baculoviruses were harvested and used to infect Sf9 cells at a multiplicity of infection of 0.1. 
Four days after infection, the amplified viruses were harvested. 
 
Preparation of Sf9 membranes 
 Sf9 cells were grown at 27°C in 100 ml spinner flask cultures as described by Klaassen 
et al. (1993). For production of H+,K+-ATPase  1.0-1.5.106 cells.ml-1 were infected at a 
multiplicity of infection of 1-3 in the presence of 1% v/v ethanol (Klaassen et al. 1995) and 
incubated for 3 days using Xpress medium (Biowittaker, Walkersville, MD) containing 0.1% 
w/v pluronic F-68 (Sigma Bornem, Belgium) as described by Swarts et al (1998). Sf9 cells 
were harvested by centrifugation at 2,000 x g for 5 min. After resuspension at 0°C in 0.25 M 
sucrose, 2 mM EDTA and 25 mM Hepes/Tris (pH 7.0), the membranes were sonicated twice 
for 30 s at 60W (Branson Power Company, Denbury, CT). After centrifugation for 30 min at 
10,000 x g the supernatant was recentrifugated for 60 min at 100,000 x g at 4°C. The pelleted 
membranes were resuspended in the above mentioned buffer and stored at -20°C. 
 
Protein determination 
 Protein concentrations were determined with the modified Lowry method described by 
Peterson (1983) using bovine serum albumin as a standard. 
 
Western blotting 
 Protein samples from the membrane fraction were solubilized in SDS-PAGE sample 
buffer and separated on SDS-gels containing 10% acrylamide according to Laemmli (1970). 
For immunoblotting the separated proteins were transferred to Immobilon 
polyvinylidenefluoride membranes (Millipore Corporation, Bedford, MA). The α-subunit of 
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the gastric H+,K+-ATPase was detected with the polyclonal antibody HKB (Gottardi and 
Caplan 1993). 
 
ATPase activity assay 
 The SCH 28080 sensitive ATPase activity was determined using a radiochemical 
method (Swarts et al. 1995). For this purpose 0.6-5 µg of Sf9 membranes were added to 100 
µl medium, which contained 10 µM [γ-32P]-ATP (specific activity 100-500 mCi.mmol-1), 1.2 
mM MgCl2, 0.2 mM EGTA, 0.1 mM EDTA, 0.1 mM ouabain, 1 mM NaN3, 25 mM Tris-HCl 
(pH 7.0) and varying concentrations of KCl. After incubation for 30 min at 37°C the reaction 
was stopped by adding 500 µl 10% (w/v) charcoal in 6% (v/v) trichloroacetic acid and after 
10 min at 0°C the mixture was centrifuged for 10 s (10,000 x g). To 0.2 ml of the clear 
supernatant, containing the liberated inorganic phosphate (32Pi), 3 ml OptiFluor (Canberra 
Packard, Tilburg, The Netherlands) was added and the mixture was analysed by liquid 
scintillation analysis. In general, blanks were prepared by incubating in the absence of 
membranes. The H+,K+-ATPase activity is presented as the difference of the activity in the 
absence and presence of 100 µM SCH 28080. The activity in the presence of SCH 28080 is 
due to the endogenous ATPase activity present in Sf9 membranes. 
 
ATP-phosphorylation capacity 
 ATP-phosphorylation was determined as described before (Klaassen et al. 1995; 
Hermsen et al. 1998; Swarts et al. 1998). Sf9 membranes were incubated at 0°C (10-50 µg) or 
21°C (1-5 µg) in 50 mM Tris-acetic acid (pH 6.0), 1.2 mM MgCl2 in a volume of 50 µl. After 
30-60 min preincubation 10 µl of 0.6 µM [γ-32P]ATP was added and incubated for 10 s at 0°C 
or 21°C. The reaction was stopped by adding ice-cold 5% trichloroacetic acid in 0.1 M phos-
phoric acid and the phosphorylated protein was collected by filtration over a 0.8 µm mem-
brane filter (Schleicher and Schuell, Dassel, Germany). After repeated washing the filters 
were analysed by liquid scintillation analysis. From our previous work (Swarts et al. 1996) we 
know that in our expression system about 1.5% of the total protein was the recombinant wild 
type gastric H+,K+-ATPase, based on an ELISA method. If all recombinant ATPase should be 
active, one would theoretically reach a phosphorylation level of 100 pmol / mg protein, 
assuming one phosphorylation site per αβ-oligomer. We find, however, 5 pmol / mg protein 
(see results), this means that a considerable part of the recombinant H+,K+-ATPase is inactive. 
However, the results we present in this manuscript would not change if the ratio between 
active and inactive H+,K+-ATPase changed because we only look to the characteristics of the 
active fraction of our protein. 
 
Dephosphorylation studies 
 After ATP-phosphorylation the reaction mixture was diluted from 60 µl to 500 µl with 
non-radioactive ATP (final concentration 10 µM; in order to prevent rephosphorylation with 
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radioactive ATP), in 50 mM Tris-acetic acid (pH 6.0) and 0-100 mM K+. The mixture was 
further incubated for 3 s at 21°C. Thereafter the reaction was stopped as described above and 
the residual phosphorylation level was determined. 
 
Chemicals 
 Cellfectin, competent DH10bac Escherichia coli cells and all enzymes used for DNA 
cloning were purchased from Life Technologies Inc. (Breda, The Netherlands). [γ-32P]ATP 
(3000 Ci.mmol-1, Amersham, Buckinghamshire, UK) was diluted with non-radioactive Tris-
ATP (pH 6.0 or 7.0) to a specific radioactivity of 20-100 Ci.mmol-1. SCH 28080, kindly 
provided by Dr. C.D. Strader, Schering-Plough, Kenilworth, NJ. was dissolved in ethanol and 
diluted to its final concentration of 0.1 mM in 0.2 % v/v ethanol. The antibody HKB was a 
gift from Dr. M. Caplan (Yale).  
 
Analysis of data 
 The K0.5 value is defined as the concentration of effector (K+) giving the half maximal 
activation. All data are presented as mean values with standard error of the mean. Differences 




Figure 1 shows a Western-blot of a series of gastric H+,K+-ATPase mutants, in which 
Glu795 was replaced by five other amino acids. The α-subunit of the recombinant (mutant) 
protein present in the Sf9 membrane fractions was detected using the HKB antibody (Gottardi 
and Caplan 1993). All (mutant) H+,K+-ATPase α-subunits showed the same apparent 
molecular weight as the α-subunit present in membrane fractions isolated from pig gastric 
mucosa (Swarts et al. 1991) and was absent in membrane preparations isolated from mock 



















Figure 1. Western blot of Glu795 mutants of the gastric H+,K+-ATPase.
 Membranes (10-
20 µg) isolated from Sf9 cells infected with a baculovirus containing either the H+,K+-ATPase 
wild type or Glu795 mutants of the α-subunit were blotted. The presence of the α-subunit was
detected using polyclonal antibody HKB (Gottardi and Caplan 1993). H+,K+-ATPase isolated
from pig gastric mucosa and membranes from mock infected cells are shown as controls. 
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carbohydrate-free and a core-glycosylated form (not shown) similarly as previously reported 
(Klaassen et al. 1993).  
  
ATPase activity 
In order to measure K+-stimulated ATPase activity, we used a suboptimal (10 µM) 
ATP concentration since higher ATP concentrations result in a relatively higher increase of 
the background ATPase activity (Swarts et al. 1996). The SCH 28080 insensitive ATPase 
activity of the wild type enzyme was in the same range as the activity in membranes isolated 
from mock infected cells: 120 ± 20 nmol Pi . mg-1 protein . h-1 (Swarts et al. 1998). Addition 
of up to 30 mM K+ had no effect on the ATPase activity in the presence of 100 µM SCH 
28080. 
The ATPase activity of the wild type enzyme (Figure 2A) could be stimulated by K+, 
reaching a maximal activity at 0.9 mM K+. The K0.5 value for the K+ stimulation of the 
ATPase activity was 0.07 ± 0.01 mM (Table 1). At K+ concentrations above 0.9 mM, the 
ATPase activity decreased due to a shift of the enzyme from the E1 to the E2-K+ form. The 
K+-stimulated ATPase activity could be completely inhibited by 100 µM SCH 28080.  
The E795Q mutant (Figure 2B) also showed a biphasic activation curve. The rising 
part of this curve suggests that the K+ affinity of the E795Q mutant was higher than that of the 
wild type enzyme. The K+ induced shift to the E2-K+ form, represented by the decreasing part 
of the curve, suggests a reduced K+ sensitivity. These opposite effects of K+ in different parts 
of the reaction cycle explain the broader activation curve of the E795Q mutant as compared to 
that of the wild type. At higher K+ concentrations (0.9-90 mM) the inhibition with 100 µM 
SCH 28080 was not complete. The E795L (Figure 2E) and E795A (Figure 2F) mutants 
showed an ATPase activity in the absence of added K+. For the E795L mutant addition of K+ 
had no stimulatory effect on the ATPase activity, whereas the ATPase activity of the E795A 
mutant could be further stimulated at rather high K+ concentrations. Increasing K+ 
concentrations resulted in a decrease of the ATPase activity of both mutants. The mutants 
E795D (Figure 2C) and E795N (Figure 2D) could only be stimulated at high K+ 
concentrations. The maximal ATPase activity of both mutants was very low as compared to 
that of the wild type enzyme.  
Table 1 summarises the SCH 28080 sensitive ATPase activities measured in the 
membranes isolated from infected Sf9 cells. The basal activity is described as the SCH28080 
sensitive ATPase activity present in the absence of added K+ ions. The E795Q and E795L 
mutants showed a significantly increased SCH 28080 sensitive basal ATPase activity, while 
that of the E795A mutant was slightly increased compared to that of the wild type enzyme. 
Two other mutants E795D and E795N, however, showed significantly decreased SCH 28080 
sensitive ATPase activities compared to the wild type enzyme. The E795Q mutant revealed an 
increased K+ sensitivity, the E795L mutant was totally insensitive for K+ ions, and the other 





































































































































































Figure 2. Effects of K+ and SCH 28080 on the ATPase activity. (A) Wild type, (B) E795Q,
(C) E795D, (D) E795N, (E) E795L and (F) E795A. Membranes were prepared and the ATPase
activity in the presence of the indicated K+ concentration was determined as described in
Experimental Procedures. ATPase activity is given both in the absence () and presence (O) of
100 µM SCH 28080. Mean values are given for four independent membrane preparations, bars
represent SE. 
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33 ± 8 
82 ± 24a 
10 ± 2a 
4 ± 3a 
84 ± 15a 
52 ± 6 
211 ± 14** 
225 ± 33** 
24 ± 5b,** 
26 ± 8b,** 
86 ± 18a 
110 ± 29a,* 
0.07 ± 0.01 
0.03 ± 0.01b 
1.6 ± 0.2b 
5.1 ± 0.3b 
- 
2.3 ± 0.4b 
 
ATP phosphorylation 
Phosphorylation of the gastric H+,K+-ATPase occurs after addition of Mg2+-ATP 
(Swarts et al. 1995) resulting in the formation of an acid-stable phosphorylated intermediate. 
All mutants showed a phosphorylated α-subunit similarly to that of the wild type enzyme, 
which was revealed as a 100 kDa band upon autoradiography after SDS-PAGE of H+,K+-
ATPase containing Sf9 membranes (data not shown). 
 Figure 3 shows the results of ATP-phosphorylation experiments performed at 0°C and 
21°C at pH 6.0 with the membranes isolated from infected Sf9 cells of the wild type enzyme 
and H+,K+-ATPase mutants for 0-30 s. Table 2 summarises the 10-s phosphorylation levels of 
the recombinant (mutant) enzymes measured at 0°C and 21°C. At 0°C, only the wild type 
enzyme and the E795Q mutant reached a steady state phosphorylation level in 10 s (Figure 
3A); at 21°C this was reached for all mutants within 10-20 s (Figure 3B). At  21°C all mutants 
(except E795Q) showed a significantly increased 10-s steady state phosphorylation level 
compared to that determined at 0°C. The steady state phosphorylation levels of the wild type 
enzyme, the E795Q and the E795L mutant were at both temperatures significantly higher than 




Table 1. Properties of the SCH 28080 sensitive H+,K+-ATPase activity measured in the 
membrane preparations isolated from infected Sf9 cells. Basal activity represents the SCH 
28080 sensitive (0.1 mM) specific H+,K+-ATPase activity in the absence of K+ and is expressed 
as nmol Pi . mg-1 protein . h-1. The maximal ATPase activity represents the specific H+,K+-
ATPase activity at optimal K+ concentrations (see Figure 2). K0.5 indicates the K+ concentration
needed for a half maximal K+ stimulation. The data are given as the mean ± SE for 4 
independent experiments. a and b represent the comparison of the mutants with the wild type
enzyme, whereas *  and ** represent the comparison between the basal and maximal, SCH






ATP dependence of the 10-s phosphorylation level (at 21°C and pH 6.0) of the gastric 
H+,K+-ATPase preparations is shown in Figure 4. Table 2 (last column) shows the calculated 
apparent ATP affinities for 2-4 independent measurements. For the wild type enzyme an 
apparent ATP affinity of 10.2 ± 0.2 nM was determined. The apparent ATP affinities of the 
E795Q and E795L mutants were significantly reduced to 24.5 ± 1.4 nM and 28.6 ± 0.8 nM, 
respectively. For the E795D, E795N and E795A mutants the apparent ATP affinities 
decreased by a factor 3-8 compared to the wild type enzyme (31.2 ± 6.2 nM, 79.7 ± 2.1 nM 

























































Figure 3. Time dependence of ATP phosphorylation of (mutant) gastric H+,K+-ATPase.
Sf9 membranes (1 µg) were preincubated at 0°C (panel A) or 21°C (panel B) with 0.2 mM
EDTA, 1.2 mM MgCl2 and 50 mM Tris-acetic acid (pH 6.0). After phosphorylation with 0.1 µM
[γ32-P]ATP at the indicated temperature and time, the phosphorylation level was determined
and corrected for that of the mock membranes. The following symbols are used: wild type (WT;
); E795Q (Q;∆); E795D (D;z); E795N (N;∇); E795L (L;) and E795A (A;◊). Representative
for three experiments. 
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3.86 ± 0.36 
3.37 ± 0.69 
0.61 ± 0.25 
0.45 ± 0.21 
3.48 ± 0.28 
1.10 ± 0.30 
4.88 ± 0.35a 
4.45 ± 0.34 
1.31 ± 0.16b 
1.14 ± 0.14b 
4.99 ± 0.24b 
2.29 ± 0.37a 
10.2 ± 0.2 
24.5 ± 1.4* 
31.2 ± 6.2* 
79.7 ± 2.1** 
28.6 ± 0.8** 
48.8 ± 1.9** 
 
Dephosphorylation studies 
For the wild type enzyme the stimulatory effect of K+ on the ATPase activity is due to 
stimulation of the hydrolysis rate of the phosphorylated intermediate. To check whether this is 
also the case for the mutants we performed dephosphorylation experiments after 10 s 
phosphorylation at 21°C. Dephosphorylation rates of these preparations were determined as 
the reduction of the phosphorylated intermediate levels in 3 s upon addition of increasing K+ 
concentrations (Figure 5). 
 For the wild type enzyme and the mutants E795D, E795N and E795A the residual 
phosphorylation levels in the absence of added K+,1 were similar and varied between 53 and 
60%. The E795Q and E795L mutants showed under these conditions a significantly increased 
dephosphorylation, resulting in residual phosphorylation levels of 33 ± 1% (n=3 ; P < 0.01) 
and 39 ± 5% (n=2 ; P < 0.01), respectively. The high basal dephosphorylation of the E795L 
mutant has to be an inherent property of this mutant, since addition of 10 mM K+ has only 
minor effects on the residual phosphorylation level. Addition of upto 100 µM K+ present in 
                                                          
1Flame photometry measurements indicated that the dephosphorylation medium contained about 5 µM K+ 
Table 2: Phosphorylation levels of recombinant gastric H+,K+-ATPase and its mutants at 
0°C and 21°C. Phosphorylation (10s) was carried out as described in Experimental Procedures. 
Phosphorylation levels are expressed as pmol EP / mg protein and are given as the mean ± SE 
of 3-5 experiments. These values were corrected for the phosphorylation level measured on the 
membranes isolated from mock infected cells (0.64 ± 0.15 (n=4) pmol EP / mg protein at 0°C 
and 1.29 ± 0.07 (n=3) pmol EP / mg protein at 21°C). The apparent ATP affinities determined in 
a 10-s phosphorylation experiment at 21°C using different ATP concentrations are shown in 
column 5 as the mean of 2-4 experiments ± SE. a and b represent comparison of 21°C with 0°C, 
whereas * and ** represent comparison of the mutants with the wild type. a and * P < 0.05: b and ** 
P < 0.01. 
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the dephosphorylation medium of both the wild type and the E795Q mutant resulted in a 
rapidly decreased residual phosphorylation level. In the presence of 10 µM K+ the wild type 
enzyme showed a residual phosphorylation level of 35 ± 2% (n=2), whereas the E795Q 
mutant showed a significantly lower residual phosphorylation level of 19 ± 1% (n=2 ; P < 
0.01). It is likely that the relatively high dephosphorylation rate of the E795Q mutant in the 
absence of added K+ is due to the increased K+-affinity of this mutant. For the E795A, E795D 
and E795N mutant 1 mM K+ was insufficient for a complete dephosphorylation of the 
phosphorylated intermediate. For these mutants only a higher K+ concentration (10 mM) 
enhanced the dephosphorylation process. This indicates that these mutants have a decreased 





The role of negatively charged residues present in the fourth, fifth and sixth 
transmembrane domains of gastric H+,K+-ATPase has been described recently (Asano et al. 
1996; Swarts et al. 1996; Asano et al. 1997; Hermsen et al. 1998; Swarts et al. 1998; Hermsen 
et al. 1999; Swarts et al. 1999). We previously observed only some minor activity changes 












pmol EP / mg protein
Figure 4. Scatchard plot of the ATP dependence of the phosphorylation level of the 
wild type enzyme and the E795 mutants. A 10 s phosphorylation was performed, with 1
µg protein, with 8-200 nM [γ32-P]ATP at 21°C as described in Experimental Procedures. The 
phosphorylation level (EP) was determined and expressed as pmol . mg-1 protein, plotted on 
the x-axis, whereas on the y-axis the ratio EP over free ATP is plotted. The following
symbols are used: wild type (); E795Q (∆); E795D (z); E795N (∇); E795L () and E795A 
(◊). Representative for two-four experiments. 
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upon replacement of Glu795, present in the fifth transmembrane domain, by Gln (Swarts et al. 
1996). However, the use of different substitutions of Glu795 presented in this study, revealed 
an essential role of this residue in gastric H+,K+-ATPase function. The described results can 
be divided into three parts. Firstly mutagenesis on Glu795 revealed that this residue plays a role 
in K+ activation; however, not the negative charge but the carbonyl group of Glu795 is 
essential. Secondly, mutagenesis of this residue resulted for some mutants in a completely or 
partly constitutive H+,K+-ATPase activity. Finally, mutagenesis decreased the apparent ATP 
affinities, which might indicate a possible role of Glu795 in H+ stimulated phosphorylation. 
 



















Figure 5. Dephosphorylation of phosphorylated intermediate of the wild type enzyme
and the E795 mutants. Membrane preparations were phosphorylated for 10 s with 0.1 µM [γ32-
P]ATP at 21°C as described in Experimental Procedures. Dephosphorylation was started by
addition of excess non-radioactive ATP in the presence of increasing K+ concentrations. 3 s
after addition of the dephosphorylation mix the reaction was stopped by addition of ice cold
TCA and phosphorylation levels were determined. The results obtained with the (mutant)
H+,K+-ATPase were corrected for those of mock infected cells. The residual phosphorylation
level was expressed as a percentage of the phosphorylation level before starting the
dephosphorylation step. The following symbols are used: wild type (WT; ); E795Q (Q;∆);
E795D (D;z); E795N (N;∇); E795L (L;) and E795A (A;◊). The results presented are the mean
values ± SE for two-three independent preparations. 
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Effects on K+ sensitivity 
 Figure 6 shows a hypothetical model of the cation-binding pocket of wild type gastric 
H+,K+-ATPase, in which at least four negatively charged residues play an essential role: 
Glu343 (Asano et al. 1996), Asp824 (Swarts et al. 1996), Glu820 (Swarts et al. 1996; Asano et al. 
1997; Hermsen et al. 1998; Swarts et al. 1998; Hermsen et al. 1999) and Glu795 (this paper). 
The (mutant) H+,K+-ATPase preparations will be discussed on the basis of the measured K+-
sensitivities. We first discuss the wild type enzyme and the E795Q mutant, although the latter 
showed even an increased K+ sensitivity, both for the ATPase reaction as well as for the 
dephosphorylation process. Furthermore, this E795Q mutant needed more K+ for inhibition of 
the ATPase activity than the wild type enzyme. This can be explained by assuming that for 
the E795Q mutant the E1↔E2 equilibrium is shifted more to the left, so that more K+ is 
needed for a conversion into the E2-form. The E795D, E795N and E795A mutants showed in 
the ATPase reaction as well as in the dephosphorylation reaction a strongly decreased K+ 
sensitivity. The E795L mutant did not show a K+ stimulated ATPase activity nor a K+ 
stimulated dephosphorylation. In conclusion, it seems that on position 795 a carbonyl group 
located on a specific position, plays a pivotal role in K+ activation, and is sufficient for full 
enzyme activity. This carbonyl group can originate either from a glutamate or from a 

















































Figure 6. Hypothetical model of the cation binding pocket of gastric H+,K+-ATPase. The 
experimental data are consistent with a model where Glu343 (TM 4), Glu795 (TM 5), Glu820 and 
Asp824 (TM 6) are involved in cation binding. These three transmembrane domains are
projected as helical wheels in which the hypothetical liganding amino acid residues are
plotted towards the centre of the cation-binding pocket. 
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Mutagenesis of the corresponding residue in Na+,K+-ATPase to a Gln showed similar 
K+ sensitivities as compared to the wild type enzyme (Feng and Lingrel 1995). However, 
Nielsen et al showed that the E779Q mutant occluded only one Tl+ per mole enzyme, whereas 
the wild type enzyme could occlude two Tl+ ions (Nielsen et al. 1998). Upon replacement of 
the corresponding residue by an Ala, the K+ affinity decreased similarly as with the E795A 
mutant described in this paper (Feng and Lingrel 1995; Vilsen 1995; Koster et al. 1996). 
Others suggested that this corresponding E779A mutant in Na+,K+-ATPase is not directly 
involved in ion binding and dephosphorylation (Arguello et al. 1996). They proposed that 
Glu779 may be a part of the access channel determining the voltage dependence of ion 
transport by Na+,K+-ATPase (Arguello et al. 1996). When in the Na+,K+-ATPase an Asp was 
present on this position, the ATPase activity was still 50% (Nielsen et al. 1998), which seems 
contradictory to an abolished high affinity occlusion of Rb+ and Tl+.            
 
Constitutive activation 
 Constitutive activation is defined as a SCH 28080 sensitive ATPase activity in the 
absence of K+. This constitutive activation has been described previously for some mutants of 
Glu820 (Swarts et al. 1998). This was explained by a high basal and K+-independent 
dephosphorylation rate of the phosphorylated intermediate. It is assumed that the negative 
charge present in the wild type enzyme (Figure 6) inhibits the dephosphorylation process. 
This inhibition can be overcome by addition of K+, which neutralises the negatively charged 
pocket and hereby stimulates the dephosphorylation of the phosphorylated intermediate. The 
E795L mutant showed both in the ATPase as well as in the dephosphorylation reaction a 
constitutive activity that could not be enhanced by addition of K+ ions. The constitutive 
activation of the E795L mutant is similar to that observed with the E820Q and E820N 
mutants, which also showed a K+ independent activity (Swarts et al. 1998). From these 
experiments the hypothesis has been put forward that the empty K+-binding pocket inhibits 
the dephosphorylation process. K+ ions can stimulate the dephosphorylation process by a 
charge neutralising effect. Some mutants, E820Q, E820N (Swarts et al. 1998) and E795L (this 
report) simulate the K+-bound state, which results in an activation of the dephosphorylation 
process in the absence of K+ ions. The E795Q mutant showed in the absence of added K+ both 
a significantly increased ATPase activity as well as a higher dephosphorylation rate. This is 
apparently due to a higher K+ sensitivity, as discussed above. The E795A mutant showed a 
small increase in the ATPase activity in the absence of K+ compared to the wild type enzyme. 
Previously, similar results have been published by our group on the E820A mutant (Swarts et 
al. 1998). We concluded from these results that due to the small size of the Ala side chain the 
other liganding groups in the cation-binding pocket can still play a role in K+ binding. In this 
case, however a much higher K+ concentration was needed. On the other hand, we were not 
able to detect a higher spontaneous dephosphorylation rate for this mutant. The absence of a 
spontaneous dephosphorylation of the E795A mutant, whereas there is a constitutive ATPase 
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activity, can be explained by assuming that the conformational energy needed for a 
spontaneous activity of this mutant is sufficient at 37°C but not at 21°C. A similar difference 
was observed with some Glu820 mutants (Swarts et al. 1998), which showed a constitutive 
ATPase activity, but only an increased dephosphorylation rate at 21°C and not at 0°C. The 
wild type enzyme as well as the mutants E795D and E795N, showed no constitutive activity. 
The wild type enzyme and the E795D mutant both contain a negatively charged residue and 
thus no constitutive activation is expected. In the E795N mutant the negative charge has been 
neutralised but due to the enlarged distance of this residue to the centre of the cation-binding 
pocket this neutralisation is probably insufficient to stimulate the dephosphorylation reaction 
constitutively.  
 Some mutants of the corresponding residue of Na+,K+-ATPase also showed an 
increased ATP hydrolysis in the absence of  K+. This phenomenon has been described for the 
corresponding Ala mutant (Vilsen 1995; Arguello et al. 1996; Koster et al. 1996), although 
these findings were interpreted by supposing that Na+ stimulates the dephosphorylation 
process (Arguello et al. 1996). For the SR Ca2+-ATPase it has been demonstrated that 
replacement of the corresponding residue Glu771 by a Lys, hereby converting the negative into 
a positive charge, results in a significantly increased dephosphorylation rate (Andersen 1994). 
This favours our hypothesis that negative charges in an empty cation-binding pocket inhibit 
the dephosphorylation process, which can be overcome by the binding of K+. 
 
Effects on phosphorylation and apparent ATP affinity 
 The wild type enzyme and the mutants E795Q and E795L showed high steady state 
phosphorylation levels, phosphorylation rates and rather high apparent ATP affinities. The 
E795A, E795D and E795N mutants showed a 3-8 times lower apparent ATP affinity as 
compared to that of the wild type enzyme. The ATP binding site for P2-type ATPases is 
located in the large intracellular loop between transmembrane domains four and five 
(Andersen 1995; Kuntzweiler et al. 1995b; Møller et al. 1996; Pedersen et al. 1996). The H4-
H5 loop of Na+,K+-ATPase  expressed in E. coli still shows ATP binding similar to that of the 
fully expressed wild type enzyme (Gatto et al. 1998; Obsil et al. 1998). These observations 
indicate that it is unlikely that mutagenesis of Glu795 in M5 of the gastric H+,K+-ATPase 
affects ATP binding directly. The Post-Albers scheme (Rabon and Reuben 1990) indicates 
that the ratio between H+ and K+ concentrations determines the equilibrium between the E1 
and E2 conformation of the enzyme. A decreased H+ affinity might result in a shift of the 
equilibrium to the E2 form, which could explain the lower apparent ATP affinity. Similar 
findings were reported recently for the E820D mutant (Hermsen et al. 1999). These findings 
suggest that the same cation-binding pocket, although in different conformations, might be 
involved in both inward and outward cation transport.       
 Comparable observations were made with Na+,K+-ATPase. Mutagenesis of the 
corresponding Glu779 residue to an Asp, Ala or Gln revealed that this residue is not only 
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involved in K+ binding, but also in Na+ binding (Koster et al. 1996; Feng and Lingrel 1995; 
Vilsen 1995). Also for SR Ca2+-ATPase it is thought that the corresponding residue is 
involved in Ca2+-dependent phosphorylation (Clarke et al. 1989; Andersen 1994).     
 In conclusion, the results presented in this report indicate that the Glu795 residue, 
present in the fifth transmembrane domain of the catalytic α-subunit of gastric H+,K+-ATPase 
is indeed involved in K+-stimulated dephosphorylation and K+-stimulated ATPase activity. In 
contrast to Glu820 it is not primarily the negative charge but the carbonyl group of glutamic 
acid on position 795, which is essential for full enzymatic activity. Furthermore, this carbonyl 
group has to be in a particular position, since both the ATPase activities and K+ affinities of 
the E795D and E795N mutants were considerably lower than that of the wild type enzyme 
and the E795Q mutant. Mutants neutralising the cation-binding pocket can transfer 
conformational energy to the phosphorylation domain and thereby stimulate the 
dephosphorylation process in the absence of K+. In addition, mutagenesis of the Glu795 residue 
leads to decreased apparent ATP affinities. These changes mainly affect phosphorylation 
kinetics, which indicate that Glu795 is not only involved in K+ binding, but might also play a 
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Six double mutants of Glu795 and Glu820 present in transmembrane domains five and 
six of the α-subunit of gastric H+,K+-ATPase were generated and expressed using the 
baculovirus expression system. Five of the six mutants showed a K+-independent activity that 
could be inhibited by SCH 28080. The activity levels decreased in the order: E795Q/E820A > 
E795Q/E820Q > E795Q/E820D ≅ E795A/E820A > E795L/E820Q. The E795L/E820D 
mutant showed no constitutive activity. In contrast to the constitutively active single mutants 
generated previously, the double mutants displayed a spontaneous dephosphorylation rate 
already at 0°C that was higher than that of the wild type enzyme. In addition, the H+,K+-
ATPase inhibitor SCH 28080 increased the steady-state phosphorylation level of the 
constitutively active  mutants, due to the formation of a stable complex with the E2-P form. 
For all mutants, except the E795L/E820Q mutant, there was a positive correlation between 
constitutive activity, spontaneous dephosphorylation rate and the ratio between the levels of 
phosphorylated intermediate obtained with and without SCH 28080. This suggests that these 
effects were caused by a common denominator. These studies further substantiate the idea that 
the empty ion binding pockets of some mutants apparently mimic the effects of the K+-filled 




 Accumulating evidence suggests that negatively charged residues present in the 
transmembrane parts of P2-type ATPases are involved in cation-binding and transport (Clarke 
et al. 1989; Feng and Lingrel 1995; Kuntzweiler et al. 1996; Swarts et al. 1996; Pedersen et al. 
1997; Swarts et al. 1998; Hermsen et al. 2000). Recently, we and others have identified Glu343 
(Asano et al. 1996) in transmembrane domain 4, Glu795 (Hermsen et al. 2000) in 
transmembrane domain 5 and Glu820 (Swarts et al. 1998; Hermsen et al. 1998) and Asp824 
(Swarts et al. 1996) in transmembrane domain 6 as important amino acids in gastric H+,K+-
ATPase functioning. In these studies, it was established that a negative charge on residue 820 
was required for K+-stimulated ATP hydrolysis and dephosphorylation of the phosphorylated 
intermediate (Hermsen et al. 1998). Importantly, it was observed that replacing Glu820 with a 
neutral amino acid residue (E820Q, E820N, or E820A) increased the ATPase activity in the 
absence of added K+ (Swarts et al. 1998). This activity was coined “constitutive ATPase 
activity”. Moreover, these mutants showed a high K+-independent (spontaneous) 
dephosphorylation rate (Swarts et al. 1998). It was postulated that neutralisation of the 
negative charge on position 820 modified the K+-binding pocket in such a way that the K+-
filled pocket was mimicked. However, the K+-independent dephosphorylation of these 
mutants required a higher temperature than the K+-dependent dephosphorylation of the wild 
type enzyme, indicating that the imitation of the K+-filled pocket was not complete. 
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 Intriguingly, recent work showed that preincubation with SCH 28080 increased rather 
than decreased the level of ATP-phosphorylation obtained with the constitutively active 
mutants E820Q and E820A (Swarts et al. 1999). It was postulated that this behaviour reflects 
an increased preference of the mutant for the E1 conformation. As a result, the enzyme is not 
trapped in the E2-SCH 28080 conformation but, after addition of ATP, in the E2P-SCH 28080 
conformation. This latter complex is relatively stable as compared to the E2P complex leading 
to its accumulation in time. However, in the same study it was observed that the level of ATP-
phosphorylation obtained with the constitutively active E820N mutant was normally inhibited 
by SCH 28080. At present, the exact relationship between constitutive activity and increased 
ATP-phosphorylation following preincubation with SCH 28080 is unclear.  
 We recently demonstrated that replacement of glutamic acid on position 795 with a 
glutamine did not significantly change the properties of the enzyme (Hermsen et al. 2000). 
This demonstrates that the presence of a carbonyl residue on this position is sufficient for K+ 
to exert its stimulatory effect on ATP-hydrolysis and dephosphorylation of the phosphorylated 
intermediate. A constitutive activity was found with the E795L and E795A mutants. However, 
the magnitude of this activity was considerably less than that obtained with the Glu820 
mutants. 
 Taken together, the results obtained in the above-mentioned studies (Swarts et al. 1998; 
Hermsen et al. 2000) show that certain mutants of Glu820 and Glu795 display a constitutive 
ATPase activity that in some, but not all, cases is accompanied with an increased level of 
ATP-phosphorylation following preincubation with SCH 28080. At present, the structural 
basis for these activities is unclear. One of the questions that remains to be answered is how 
constitutive activity and SCH-induced ATP-phosphorylation are related. Another intriguing 
question is whether the imitation of the K+-filled pocket can be further improved. To gain 
more insight in these issues we generated a series of double mutants of Glu795 and Glu820 and 
analysed their properties. Here we show that the constitutive ATPase activity can be further 
increased by certain double mutations. The highest constitutive ATPase activity was found 
when the two glutamate residues were replaced with a glutamine on position 795 and an 
alanine on position 820. In addition, we show for five of the six double mutants and all single 
Glu795 and Glu820 mutants a positive correlation between constitutive ATPase activity, rate of 





Preparation of mutants 
 All DNA manipulations were carried out according to standard molecular biology 
techniques described by Sambrook et al. (Sambrook et al. 1989). The cDNAs of the previously 
constructed Glu820 mutants (E820Q, E820A and E820D) of the α-subunit of rat gastric H+,K+-
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ATPase (Hermsen et al. 1998) were cloned in the pAlter-I vector. To introduce the Glu795 
mutations in this vector, site-directed mutagenesis was performed as described previously 
(Hermsen et al. 2000). After selection and subcloning of the mutated α-subunit in the 
pFastbacdual vector (which already contained the β-subunit) the mutation was checked by 
sequence analysis. Recombinant baculoviruses and enzyme preparations were produced as 
described previously (Hermsen et al. 2000). Protein was determined with the modified Lowry 
method according to Peterson (Peterson 1983) using bovine serum albumin as a standard. 
 
Western Blotting 
  Samples from the membrane fraction were solubilised in SDS-PAGE sample buffer 
and separated on SDS-gels containing 10% acrylamide according to Laemmli (Laemmli 
1970). For immunoblotting, the separated proteins were transferred to Immobilon 
polyvinylidenefluoride membranes (Milli Corp., Bedford, MA). The α-subunit of the gastric 
H+,K+-ATPase was detected with the polyclonal antibody HKB (Gottardi and Caplan 1993). 
  
ATPase assay 
 ATPase activity was determined with a radiochemical method described in detail 
previously. Sf9 membranes were added to 100 µl of an assay medium containing 10 µM [γ-
32P]-ATP (Amersham, Buckinghamshire, UK; specific activity 100-500 mCi . mmol-1), 1.3 
mM MgCl2, 0.1 mM EGTA, 0.2 mM EDTA, 0.1 mM ouabain, 1 mM NaN3, 25 mM Tris-HCl 
(pH 7.0), with or without 100 µM SCH 28080 (kindly provided by Dr. C.D. Strader, Schering-
Plough, Kenilworth, NJ) and varying concentrations of KCl and incubated for 30 min at 37°C. 
The amount of membrane preparation varied between 0.5 and 2.0 µg and was chosen such that 
the substrate conversion was less then 25% of the initial level. After quenching of the reaction, 
further analysis was performed as described before (Swarts et al. 1996).  
  
Phosphorylation and dephosphorylation assays 
 ATP-phosphorylation was performed as described previously (Swarts et al. 1998). 
Briefly, 2 to 20 µg of Sf9 cell membranes were added to 50 µl of an assay medium containing 
50 mM Tris-acetic acid (pH 6.0), 1 mM MgCl2 and 0.2 mM EDTA, with or without 0.1 mM 
SCH 28080 and preincubated for 30-60 min at either 0° or 21°C. The reaction was started by 
the addition of 10 µl of 0.6 µM [γ-32P]ATP and the reaction mixture was incubated for the 
indicated period of time. At the end of this incubation period, the reaction was quenched by 
the addition of 5% (w/v) trichloroacetic acid in 0.1 M phosphoric acid. For dephosphorylation 
studies, phosphorylation was carried out at 0oC as described above. At the end of the 
phosphorylation period, part of the reaction mixture was diluted 8.3 times with ice-cold assay 
medium containing non-radioactive ATP (final concentration 10 µM) to prevent 
rephosphorylation with radioactive ATP. The reaction was quenched at the time points 
indicated. Phosphorylated protein was collected by filtration over a 0.8 µm membrane filter 
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(Schleicher and Schüll, Dassel, Germany) (Swarts et al. 1996). After repeated washing, the 
filters were analysed by liquid-scintillation analysis. The dephosphorylation rate was 
calculated from the amounts of phosphorylated intermediate at times 0, 3 and 5 s after dilution 
assuming first order rate kinetics. 
 
Calculations 
 Data are presented as mean values with S.E.M. Differences of average were tested for 





 A series of Glu795/Glu820 double mutants of rat gastric H+,K+-ATPase were produced 
and expressed in Sf9 insect cells using the baculovirus expression system. To determine the 
relative expression level of the mutant enzymes, membranes were isolated and subjected (20 
µg of protein) to Western blot analysis. The blots were probed with the polyclonal antibody 
HKB directed against the α-subunit of gastric H+,K+-ATPase. Figure 1 shows that all mutants 
were expressed equally well and at a level similar to that of the wild type enzyme.  
ATPase activity 
  The ATPase activity of the various mutant enzymes was measured in the presence of 
10 µM ATP as described previously (Swarts et al. 1998; Hermsen et al. 2000). To correct for 
the endogenous activity present in insect membranes, we routinely subtracted the value for 
this activity obtained in the presence of 100 µM SCH 28080 from that obtained in the absence 
of this inhibitor. Importantly, the activity measured in the presence of SCH 28080 was not 
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Figure 1. Western blot of the double mutants of gastric H+,K+-ATPase.
 Membranes (20 µg) 
isolated from Sf9 cells infected with a baculovirus containing either H+,K+-ATPase wild type or the 
double mutants of the α-subunit were blotted. The presence of the α-subunit was detected using
the polyclonal antibody HKB (Gottardi and Caplan 1993). Membranes isolated from mock infected










































































































































































Figure 2. Effect of K+ on the ATPase activity of the double and single mutants. The SCH 
28080 sensitive ATPase activities of the double mutants () are plotted as function of the K+ 
concentration used. In the absence of additional K+ ions the following activities, expressed in nmol
Pi . mg-1 protein . hr-1, were measured for the double mutants E795Q/E820A (386 ± 39), 
E795Q/E820Q (313 ± 68), E795Q/E820D (203 ± 32), E795A/E820A (224 ± 50), E795L/E820Q
(124 ± 27) and E795L/E820D (21 ± 10). For comparison the activities measured for the
corresponding Glu795 mutants (∆; from Figure 2, reference (Hermsen et al. 2000)) and the Glu820 
mutants (; from Figure 1, reference (Swarts et al. 1998)) are given. Mean values are given for 2-
4 independent membrane preparations.  
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that amounted to 127 ± 27.1 nmol Pi . mg-1 protein . hr-1 (n=3). At a concentration of 1 mM, 
K+ maximally increased the activity of the wild type enzyme up to 281 ± 42.8 nmol Pi . mg-1 
protein . hr-1 (n=4). This increase in the ATPase activity was completely inhibited by 100 µM 
SCH 28080 and of equal size to that reported previously (Swarts et al. 1998; Hermsen et al. 
2000). Figure 2 shows that all mutants, except the E795L/E820D mutant (Figure 2E), 
displayed a marked SCH 28080 inhibitable ATPase activity in the absence of added K+ ions, 
which is referred to as constitutive activity (Swarts et al. 1998). The magnitude of this activity 
decreased in the order: E795Q/E820A > E795Q/E820Q > E795Q/E820D ≅ E795A/E820A > 
E795L/E820Q. The E795L/E820D mutant did not show a detectable activity in the absence of 
added K+. However, in the presence of K+ a maximal increase in activity up to 82 ± 16.0 nmol 
Pi . mg-1 protein . hr-1 (n=2) was obtained at a cation concentration of 30 mM. For 
comparison, figure 2 includes the previously reported activities of the corresponding single 
mutants (Swarts et al. 1998; Hermsen et al. 2000). One of the striking findings presented in 
this figure is the appearance of a K+-insensitive double mutant with a marked constitutive 
activity, the E795Q/E820D mutant (Figure 2B), based on two parent mutants, E795Q and 
E820D, each of which possesses a K+-stimulated ATPase activity. The figure also shows that 
mutations in Glu795 and Glu820 yielded constitutively active double mutants with an activity 
that was much higher (E795Q/E820A), slightly higher (E795Q/E820Q and E795A/E820A), or 
even considerably lower (E795L/E820Q) than the maximal activity of the corresponding most 
active parent mutant.  
 To obtain information on the SCH 28080-sensitivity of the various double mutants we 
prepared dose-inhibition curves at a K+ concentration of 1 mM. The curves obtained were of 
the same shape as described previously (Swarts et al. 1998, Figure 3). The calculated IC50 
values of the E795Q/E820D (0.3 ± 0.09 µM, n=2), E795Q/E820A (0.4 ± 0.11 µM, n=2) and 
E795A/E820A (0.3 ± 0.17 µM, n=2) mutants were not different from that of the wild type 
enzyme (0.3 ± 0.08 µM, n=2). The mutants E795Q/E820Q (IC50 = 1.2 ± 0.16 µM, n=2) and 
E795L/E820Q (IC50 = 0.9 ± 0.02 µM, n=2) showed a slightly decreased SCH 28080-
sensitivity as compared to the wild type enzyme. 
 
Effect of SCH 28080 on the steady-state phosphorylation level 
 Figure 3 shows the steady-state phosphorylation levels measured at 0.1 µM ATP in the 
absence and presence of 100 µM SCH 28080. These values were corrected for the 
phosphorylation level measured in membranes isolated from mock-infected cells (1.04 ± 0.13 
pmol EP . mg-1 protein). In the absence of SCH 28080, the phosphorylation level obtained 
with the E795Q/E820Q and E795L/E820Q mutants was considerably lower than that obtained 
with the wild type enzyme, suggesting an underestimation of the maximal phosphorylation 
capacity. ATP-phosphorylation of the wild type enzyme is effectively inhibited by 
preincubation with SCH 28080 (Figure 3). However, we previously reported that that this 
manoeuvre increased rather than decreased the steady-state phosphorylation level of the 
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E820Q mutant (Swarts et al. 1999). We therefore tested the effect of preincubation with SCH 
28080 on the steady-state phosphorylation levels of the double mutants. Figure 3 shows that 
all mutants, except the E795L/E820D mutant, displayed an increased level in the presence of 
100 µM SCH 28080. The stimulatory effect of SCH 28080 increased in the order: 
E795A/E820A ≅ E795Q/E820D < E795Q/E820A < E795Q/E820Q < E795L/E820Q. The 
E795Q/E820Q and E795L/E820Q mutants showed an increase with a factor 4 and 8, 
respectively. 
Dephosphorylation rate of the phosphorylated intermediate 
 One would expect that mutants with a high constitutive ATPase activity show a high 
dephosphorylation rate in the absence of added K+. Figure 4 shows that this spontaneous 
dephosphorylation process measured at 0°C obeys first-order rate kinetics. The 
dephosphorylation rates of the phosphorylated intermediates increased in the order: 
E795L/E820D ≅ wild type < E795A/E820A ≅ E795Q/E820D < E795Q/E820A ≅ 
E795Q/E820Q ≅ E795L/E820Q.  
 




















Figure 3. Effect of SCH 28080 on the steady state ATP-phosphorylation capacity in the
absence and presence of 100 µM SCH 28080. ATP-phosphorylation was determined as
described in the Experimental procedures section. The membrane preparations were pre-
incubated with or without 100 µM SCH 28080 and phosphorylated with 0.1 µM ATP at 21°C. The 
phosphorylation levels (pmol EP . mg-1 protein) were determined and corrected for those of mock 
infected cells (1.04 ± 0.13 pmol EP . mg-1 protein). The bars represent the mean ± SE of 3 enzyme
preparations. From these data the following ratio’s were calculated WT, 0.10 ± 0.05;
E795Q/E820D, 1.41 ± 0.17; E795Q/E820Q, 4.16 ± 0.91; E795Q/E820A, 1.98 ± 0.32;
E795L/E820D, 0.50 ± 0.14; E795L/E820Q, 7.98 ± 1.92 and E795A/E820A, 1.40 ± 0.20. 
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Correlation between constitutive ATPase activity, spontaneous dephosphoryla-
tion rate and SCH 28080-induced increase in phosphorylation level 
 To test whether the above-described characteristics are related for each of the mutants, 
the ATPase activity measured in the absence of added K+ was plotted against the spontaneous 
dephosphorylation rate (Figure 5A) and the effect of preincubation with SCH 28080 on the 
steady-state phosphorylation level. To this end, the effect of SCH 28080 was expressed as the 
ratio of the levels of phosphorylated intermediate with and without inhibitor (Figure 5B). 
Furthermore, the effect of SCH 28080 was plotted against the spontaneous dephosphorylation 
rate (Figure 5C). Figure 5 shows a clear correlation between constitutive activity and 
spontaneous dephosphorylation rate (A; corr. coeff. = 0.88), constitutive activity and 














Figure 4. Spontaneous dephosphorylation of the phosphorylated intermediate of the wild 
type enzyme and the Glu795/Glu820 mutants. Membrane preparations were phosphorylated for 
10 s at 0°C as described in the Experimental procedures section. Dephosphorylation was started 
by addition of excess non-radioactive ATP. After 3 and 5s the reaction was stopped and the
phosphorylation levels were determined. The residual phosphorylation level was expressed as a
percentage of the phosphorylation level before the start of the dephosphorylation step. The
following dephosphorylation rates were calculated expressed in 10-3 . s-1: E795L/E820D (:LD k = 
79 ± 2); wild type (:WT k = 83 ± 9); E795Q/E820D (:QD k = 121 ± 6); E795A/E820A (O:AA k =
114 ± 1); E795Q/E820A (:QA k = 146 ± 9); E795Q/E820Q (∆:QQ k = 157 ± 14) and 




phosphorylation ratio (B; corr. coeff. = 0.86) and dephosphorylation rate and phosphorylation 
ratio (C; corr. coeff. = 0.82). The figure also shows that the E795L/E820Q mutant behaved 
entirely different from the other mutants. For this reason, this mutant was excluded from the 
calculations. 
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Figure 5. Correlation between phosphorylation ratio, ATPase activity and dephospho-
rylation rate. Phosphorylation ratios were calculated by dividing the steady state phosphorylation 
levels in the presence of 100 µM SCH 28080 by that measured in the absence of inhibitor (data for
the double mutants from Figure 3 and for the Glu820 mutants from ref. Swarts et al. 1999; for the
Glu795 mutants the following ratios were measured: E795Q, 0.20 ± 0.04; E795L, 0.31 ± 0.08 and 
E795A, 0.35 ± 0.16). The ATPase activities were taken from Figure 2. The dephosphorylation 
rates for the double mutants were taken from Figure 4 and for the Glu820 mutants from Figure 4
from Ref. Swarts et al. 1998. The used symbols are similar to those in Figure 4 and extended with 
the following ones: E820Q ( ), E820A ( ), E820D ( ), E795L ( ), E795Q ( ) and E795A ( ). 
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Time-dependence of the phosphorylation reaction 
 Figure 5A suggests that the dephosphorylation step is rate limiting for the ATPase 
activity. However, the E795L/E820Q mutant displayed a relatively low constitutive activity as 
compared to its spontaneous dephosphorylation rate. To test the possibility that this 
anomalous behaviour is due to a change in phosphorylation kinetics, we measured the time-
dependence of this process. Figure 6 shows that the phosphorylation rates of the 
E795L/E820Q and E795L/E820D mutant at 0°C were markedly lower than those of the wild 
type enzyme and the other mutants. For the wild type enzyme a t½ value of 2.5 ± 0.1 s was 
calculated, while for the E795L/E820D and E795L/E820Q mutant this value amounted to 8.1 
± 0.6 s and 7.5 ± 0.1 s, respectively. This low phosphorylation rate of the E795L/E820Q 
mutant explains the discrepancy between its low constitutive activity and high spontaneous 
dephosphorylation rate. In other words, with this double mutant not the dephosphorylation but 
the phosphorylation step is rate limiting in the ATPase reaction. As far as the E795L/E820D 
mutant is concerned, this low phosphorylation rate was accompanied by a low spontaneous 
dephosphorylation rate (Figure 3). In this case, the dephosphorylation step is most likely still 
rate limiting. No constitutive activity was detectable with this mutant. For this reason, the 
E795L/E820D mutant can be regarded as a ‘zero point control’.      















Figure 6. Time dependence of ATP-phosphorylation of H+,K+-ATPase and its mutants. 
Phosphorylation levels measured at 0°C at times as indicated. The phosphorylation levels at 30 s
were set at 100 % for each mutant. The results presented are the mean ± SE for 2 independent





 Recent site-directed mutagenesis studies investigating the role of two negatively 
charged residues present in transmembrane domains 5 and 6 of gastric H+,K+-ATPase resulted 
in two new and exciting observations. First, a series of Glu820 (Swarts et al 1998) and Glu795 
(Hermsen et al. 2000) mutants was produced displaying a SCH 28080-sensitive ATPase 
activity that was independent of K+. These mutants are therefore referred to as constitutively 
active. The magnitude of this constitutive activity was highly variable between the various 
mutants. Second, with one of these mutants, the E820Q mutant, the steady-state 
phosphorylation level was enhanced instead of decreased by preincubation with SCH 28080 
(Swarts et al. 1999). However, this action of SCH 28080 was not observed with every 
constitutively active mutant. One of the questions that emerged from these studies was 
whether imitation of the K+-filled pocket could be further improved. A second intriguing 
question whether and, if so, how constitutive activity and SCH 28080-induced increased ATP-
phosphorylation are related. To answer these questions a series of double mutants on positions 
820 and 795 of gastric H+,K+-ATPase was prepared and analysed. Western blot analysis 
revealed that wild type and mutant enzymes were expressed to the same level. 
 The data presented here show that imitation of the effect of the K+-filled pocket can be 
markedly improved since the constitutive ATPase activity of the E795Q/E820A double 
mutant (386 nmol Pi . mg-1 protein . h-1) was significantly higher than the highest value for 
this activity (255 nmol Pi . mg-1 protein . h-1; E820Q mutant) measured thus far (Swarts et al. 
1998). Similarly, the value obtained with the E795Q/E820Q mutant (313 nmol Pi . mg-1 
protein . h-1) was higher than that of the E820Q mutant, whereas that of the E795A/E820A 
mutant (224 nmol Pi . mg-1 protein . h-1) was virtually the same. All other double mutants 
displayed a constitutive activity that was lower than that of the E820Q mutant. The 
constitutive activities measured with the E795Q/E820A and E795Q/E820Q mutants were 
comparable to the maximal K+-stimulated activity (281 nmol Pi . mg-1 protein . h-1) that can be 
obtained with the wild type enzyme. The important conclusion that can be drawn from these 
data is that the conformation obtained with a glutamine on position 795 and either an alanine 
or a glutamine on position 820 must in its effect closely resemble that of the K+-stimulated 
wild type enzyme. Previous work with single mutants showed that for maximal constitutive 
activity a leucine is required on position 795 (Hermsen et al. 2000), whereas a glutamine is 
required on position 820 (Swarts et al. 1998). Detailed analysis of activities obtained with the 
present double mutants shows that for maximal constitutive activity, and therefore imitation of 
the K+-induced conformation of the wild type enzyme, neutralisation of the negative charge on 
position 795 requires a glutamine, and not a leucine, in combination with either a glutamine or 
an alanine on position 820. From the data presented it is tempting to speculate that the length 
of the neutralising side-chain and the presence of a carbonyl group is of crucial importance on 
position 795 but not on position 820.  
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 The constitutively active double mutants showed an enhanced spontaneous 
dephosphorylation rate at 0°C. However, the rate obtained with the most active double mutant 
(0.20 s-1) was still considerably lower than that obtained with the K+-stimulated wild type 
enzyme (0.40 s-1) (Hermsen et al. 1998). In this context, one would assume that the 
conformation of these mutants does still not completely resemble that induced by K+ in the 
wild type enzyme. In case of the single mutants with constitutive activity, such an enhanced 
dephosphorylation rate could only be measured at 21°C (Swarts et al. 1998; Hermsen et al. 
2000). This is further evidence that the double mutants form a next step towards the imitation 
of the effects of K+ on the dephosphorylation reaction.  
 One of the intriguing properties of a number of Glu820 mutants is that they display 
increased levels of steady-state phosphorylation following pretreatment with SCH 28080 
(Swarts et al. 1999). Here we show that this effect of SCH 28080 was also observed with a 
number of double mutants. This is in sharp contrast to the situation with the wild type enzyme 
where this treatment effectively lowers the steady-state phosphorylation level. In the wild type 
situation the inhibitory effect of SCH 28080 is explained (Wallmark et al. 1987; Keeling et al. 
1989; Van der Hijden et al. 1991) by assuming that during the preincubation in the absence of 
ATP and K+ the enzyme is mainly present in the E2 form, which then forms a complex with 
the inhibitor (Figure 7, step 7). As a result, the amount of phosphorylated intermediate that is 
produced following addition of ATP is markedly reduced. An increase in the amount of 
phosphorylated intermediate can be explained by assuming that the mutants are mainly present 
in the E1 form during the preincubation in the absence of ATP and K+ and therefore do not 
form a complex with the inhibitor. Upon addition of ATP, however, phosphorylation occurs 
resulting in the formation of enzyme molecules in the E2-P form (Figure 7, reactions +2 and 
+3). In the presence of SCH 28080, these phosphorylated enzyme molecules will, at least in 
part, be converted into the E2-P-SCH form (reaction +5). The remainder will be rapidly 
hydrolysed into the E2 form (reaction +4) because of the high spontaneous dephosphorylation 
rate of most of the mutants. Because the E1 ↔ E2 equilibrium for these mutants is directed to 
the left, the enzyme molecules rapidly turn into the E1 form (reaction +1) to become 
phosphorylated again (reactions +2 and +3). It is likely that after a number of cycles all the 
enzyme molecules are present in the E2-P-SCH form, which explains the SCH 28080-induced 
increase of the steady-state phosphorylation level observed with many of the mutants. 
 Similarly to the constitutive activity and the spontaneous dephosphorylation rate, the 
effect of SCH 28080 on the steady-state phosphorylation level, expressed as the ratio of the 
amounts of phosphorylated intermediate obtained in the presence and absence of the inhibitor 
(phosphorylation ratio), proved to be highly variable between the various mutants. The 
generation of new mutants allowed to investigate the relationship between constitutive 
activity, spontaneous dephosphorylation rate and SCH-induced ATP-phosphorylation. The 
correlation graphs presented clearly show that a high constitutive activity is accompanied with 
a high spontaneous dephosphorylation rate and a marked SCH 28080-induced increase in 
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phosphorylated intermediate. The only mutant that did not fit was the E795L/E820Q mutant. 
The constitutive activity of this mutant was considerably lower than expected on the basis of 
its spontaneous dephosphorylation rate. Therefore it is likely that the dephosphorylation step, 
and not the dephosphorylation process, is rate-limiting for this mutant. Both the double mutant 
E795L/E820D and some of the earlier described single mutants E820L, E820K (Hermsen et 
al. 1998), E795D and E795N (Hermsen et al. 2000) have lost their K+ sensitivity but do not 
show constitutive activity. Thus, a loss of K+-stimulated ATPase activity does not 
automatically lead to a gain of constitutive activity. In other words, well-defined changes in 
the structural elements involved in K+-stimulated enzyme activity are required to obtain a 
constitutively active enzyme.         
According to our hypothesis, the phosphorylation ratio (with and without SCH 28080) 
is a measure of the preference of a particular mutant for the E1 (high ratio) or E2 (low ratio) 

















Figure 7. The Post-Albers reaction scheme for H+,K+-ATPase including the SCH 28080 
inhibition mechanism. The clockwise reactions are indicated in the text with a positive (+) sign
and the counter-clockwise reactions with a minus (-) sign. Reaction +4 is the conversion of E2P to 
E2.  
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phosphorylation level can more convincingly be observed at non-saturating ATP 
concentrations. An additional advantage is that at these low ATP concentrations the 
exogenous to endogenous phosphorylation ratio is much higher than at high ATP 
concentrations, which improves the accuracy of the measurements. 
 The present study shows that modification of the amino acid side-chains on position 
795 and 820 can transform gastric H+,K+-ATPase in a K+-insensitive enzyme with a high 
constitutive activity. However, as long as we do not know the atomic structure of the enzyme 
it is difficult to visualise the conformational changes underlying the K+-mimetic effect of 
these modifications. It is well established that the transport of gastric H+,K+-ATPase is 
electroneutral and that the transport ratio is 1 (Van der Hijden et al. 1990). On the other hand, 
it is unknown whether one (Reenstra and Forte 1981; Smith and Scholes 1982) or two (Rabon 
et al. 1982; Skrabanja et al. 1987) H+ and K+ ions are transported per ATP hydrolysed. 
Therefore, we do not know whether Glu820 and Glu795 are involved in binding of the same or 
different K+ ion(s) and whether binding of these ions occurs simultaneously or sequentially. 
Speculating on the finding that most constitutively active mutants did not display an increase 
in activity upon increasing of the ambient K+ concentration we previously postulated that with 
these modifications the K+-filled pocket is imitated, which then signals to the catalytic domain 
of the enzyme. Alternatively, these modifications may mimic the effect of K+-binding without 
changing the K+-binding site. For instance, the modifications may change the mobility of the 
transmembrane domains five and six (Gatto et al. 1999) thus simulating the presence of K+. 
 In this study we show that double mutants of Glu795 and Glu820 form a next step 
towards the imitation of the K+-induced conformation of the wild type enzyme. In addition we 
provide evidence that constitutive ATPase activity, spontaneous dephosphorylation rate and 
SCH 28080-induced increase in phosphorylation level are related and probably reflect the 
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Like in all other P-type ATPases the relation between structure and function in gastric 
H+,K+-ATPase is still unsolved. One of the approaches to attack this problem is by site-
directed mutagenesis of potentially essential amino acid residues in the enzyme. To do so one 
needs a suitable expression system. In the beginning of this decade Klaassen et al started with 
expression studies of rat H+,K+-ATPase, using the baculovirus expression system (Klaassen et 
al. 1993). The choice of this system was based on good experience with other membrane 
proteins and the high expression levels that can be obtained (Jansen et al. 1991). Klaassen et al 
described that co-infection of Sf9 insect cells with separate viruses for the α- and the β-
subunit did not result in the expression of a functionally active gastric H+,K+-ATPase 
(Klaassen et al. 1993). However, a single virus expressing both the rat α- and β-subunit 
behind different promoters resulted in a functionally active enzyme. Using these viruses ATP-
dependent phosphorylation in a membrane preparation isolated from infected Sf9 cells was 
measured (Klaassen et al. 1993). The phosphorylation level could be decreased to the 
background level by pre-incubation with either K+ or the specific H+,K+-ATPase inhibitor, 
SCH 28080 (Klaassen et al. 1993). The maximal phosphorylation level, however, was only 
30% above the background that originated from phosphorylated protein of the Sf9 cell 
membranes themselves. To determine a K+-stimulated ATPase activity in this preparation, a 
relatively low ATP concentration was necessary in order to obtain a maximal signal to noise 
ratio. The promising results concerning the functional expression of gastric H+,K+-ATPase in 
insect Sf9 cells made it possible to study the role of important amino acid residues by 
expression of several mutants. Since 1993 the method of constructing new viruses, the 
conditions of cell culturing, enzyme assays and membrane isolation have been considerably 
improved. In the first ATPase experiments Klaassen et al obtained activities of 30 nmol. mg-1 
protein. h-1. At this moment activities for the wild type enzyme can be obtained of up to 1 
µmol. mg-1 protein. h-1 which activities are at least 400% above the background level. This 
makes this system a useful tool for studies towards structure-function relationship of H+,K+-
ATPase and other P-type ATPases. 
 
EFFECT OF THE β-SUBUNIT AND LIPID COMPOSITION ON K+-SENSITIVITY 
 
 Because of its easy availability from the slaughter house, most biochemical studies 
with H+,K+-ATPase described in literature were performed with the pig enzyme isolated from 
the stomach. Since expression studies described in this thesis were performed with the rat 
enzyme (Klaassen et al. 1993), some biochemical experiments were carried out with the 
isolated rat enzyme (chapter 2). We observed that the rat enzyme showed a markedly 
increased K+-sensitivity compared to that of the pig enzyme, whereas the amino acid 
composition of the α-subunit only differed by 2.5%. None of the conserved polar amino acids 
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assumed to be involved in K+-binding were different between the α-subunits of the two 
species. Therefore the question arose whether other differences besides that of the α-subunit 
might play a role in determining the K+-sensitivity. Chapter 2 showed that the lipid 
composition as well as the β-subunit influence the K+-sensitivity.  
Others described the influence of the lipid composition on the K+-sensitivity 
(Saccomani et al. 1979; Schrijen et al. 1981). Reconstitution as it is described in chapter 2 
affected the K+-sensitivity of both the rat and the pig gastric H+,K+-ATPase. The difference in 
K+-sensitivity present between the enzymes originated from these different species was 
reduced, but did not disappear. This indicated that another factor might also be involved in 
determining the difference in K+-sensitivities of these enzymes. Functional expression of 
hybrid enzymes in Sf9 cells showed that the difference in K+-sensitivities between the rat and 
the pig gastric H+,K+-ATPase is primarily due to differences in the β-subunit. This is in 
agreement with previous findings, indicating that the β-subunits of both H+,K+-ATPase and 
Na+,K+-ATPase play a role in the K+-affinity (Chow et al. 1992; Lutsenko and Kaplan 1993; 
Koenderink et al. 1999).       
 
ROLE OF NEGATIVELY CHARGED RESIDUES IN K+ MEDIATED EFFECTS  
  
The way in which cations are bound and transported across the membrane is a main 
topic in P-type ATPase research. The presence of negatively charged amino acids within 
putative transmembrane domains has attracted several groups to investigate the role of these 
residues in the cation dependency of various pumps (Clarke et al. 1990). In gastric H+,K+-
ATPase there are four of these conserved negatively charged residues: Glu343 in 
transmembrane domain four, Glu795 in transmembrane domain five and Glu820 and Asp824 in 
transmembrane domain six. This thesis describes the role of the negatively charged residues 
Glu795 and Glu820 that are present in the fifth and sixth transmembrane domains. Figure 1 
shows a putative model of the localisation of these transmembrane domains and an alignment 
with the corresponding regions of the Na+,K+-ATPase. The precise location of transmembrane 
domains five and six is still a matter of debate. Munson et al (1991) have provided evidence 
that Lys791 (see Figure 1) is a tryptic digestion site. This suggests that this residue is not 
present in transmembrane domain five but in the large intracellular loop between 
transmembrane domains four and five. In that case, the location of the transmembrane 
domains five and six has to be shifted to a more C-terminally located position as compared to 
most other commonly used models. The result of that is that three other conserved negatively 
charged residues (Glu834, Glu837 and Asp839) might be located in or very close to 
transmembrane domain six. Because of this uncertainty Swarts et al decided as a first trial to 
convert the six negatively charged residues in the region Glu795-Asp839 to their acid amides, 
not knowing the precise location of each of these amino acid residues. Expression of all 
mutants was checked by Western blotting indicating production of an α-subunit with a similar 
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molecular mass as that of the isolated pig enzyme and a β-subunit that was in part 
unglycosylated and in part core-glycosylated (Swarts et al. 1996). This core-glycosylation was 
shown to be essential for obtaining a functional enzyme (Klaassen et al. 1997; Asano et al. 
2000). The isolated membrane preparations contained between 1 and 4% H+,K+-ATPase based 
on analyses with an ELISA method using a highly purified pig gastric mucosa preparation as 
standard. 
The preparations in which Asp824, Glu834, Glu837 or Asp839 were mutated did not show any 
ATP-dependent phosphorylation level above background, or any K+-stimulated ATPase 
activity (Swarts et al. 1996). This suggests that these residues are essential for phosphorylation 
and might be involved in H+ binding. An alternative explanation is that their folding is 
disturbed and that they therefore do not give a functional enzyme. That Asp824 would be 
essential is not very surprising, since this residue is fully conserved in all P2-type ATPases. A 
possible role of Glu834, Glu837 and Asp839 in H+-dependent phosphorylation was supported by 
findings of Falson et al (1997) that the corresponding residues in SERCA1 Ca2+-ATPase, 
present in the intracellular domain between transmembrane domains six and seven, play a role 







































Figure 1. Amino acid sequence of rat gastric H+,K+-ATPase around transmembrane regions 
M5 and M6. The sequence of gastric H+,K+-ATPase was obtained from Shull et al (1986). The 
amino acid sequence of gastric H+,K+-ATPase is compared with that of the Na+,K+-ATPase (Shull 
et al. 1985). The negatively charged residues are depicted in boldface type. The exact positioning 
of these transmembrane regions of gastric H+,K+-ATPase is argued in the text that of the Na+,K+-
ATPase is similar to the model of Nielsen et al (1998). 
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site. Shainskaya et al (2000) also suggested such a role for these negatively charged residues 
in the entrance to Na+ occlusion in Na+,K+-ATPase.  
The E795Q mutant of H+,K+-ATPase showed ATP-dependent phosphorylation and K+-
stimulated ATPase activity suggesting at that time that this residue was not essential for 
enzyme activity (Swarts et al. 1996). The most interesting mutant, however, was E820Q that 
became phosphorylated normally, but did not show any K+-stimulated ATPase activity. ATP-
phosphorylation did not occur after pre-incubation of the wild-type enzyme (or the E795Q 
mutant) with either K+, SCH 28080 or vanadate, since these agents apparently prevented the 
enzyme to enter the E1 conformation that is necessary for phosphorylation. The latter 
compounds, however, did not have an effect on ATP-phosphorylation of the E820Q mutant. 
The fact that pre-incubation with K+ hardly inhibits ATP-phosphorylation of this mutant 
suggests that the E820Q mutant did no longer bind K+. This was confirmed by dephospho-
rylation studies showing that K+ did not stimulate dephosphorylation of the E820Q mutant, 
whereas it did so with the wild type enzyme and the E795Q mutant. The fact that SCH 28080 
and vanadate could not prevent phosphorylation of the E820Q mutant, could be explained by 
assuming that this mutant has a very high preference for the E1 state of the enzyme, whereas 
reaction with either SCH 28080 or vanadate requires the presence of the E2 form (Swarts et al. 
1996). 
The above described experiments were the basis for the main part of this thesis. In a 
subsequent study the Glu820 residue was replaced by five other amino acid residues (see 
chapter 3; (Hermsen et al. 1998). This study showed that the E820D mutant had a similar K+-
stimulated ATPase activity as the wild type enzyme, indicating that a negative charge on 
position 820 was sufficient for a wild type like enzymatic activity. The dose-dependency for 
K+-induced dephosphorylation was also similar between the E820D mutant and the wild type 
enzyme. The other mutants (E820N, E820K, E820L) did, like E820Q, not show any K+-
stimulated ATPase activity or K+-stimulated dephosphorylation of the phosphorylated 
intermediate. The ATPase activity of the E820A mutant, however, could slightly be stimulated 
by 100 mM K+. At this K+ concentration, but not at 1 or 10 mM K+, there was also a slight 
enhancement of the dephosphorylation rate. The mutagenesis studies thus far showed that a 
negative charge on position 820 was necessary for normal K+-stimulated ATPase activity and 
dephosphorylation of the phosphorylated intermediate. The fact that with the E820A mutant 
some activity was found could be explained by assuming that some of the other negatively 
charged residues are also involved in K+ binding and that the small methyl side chain of the 
Ala residue did not prevent K+-binding to the other residues. 
 Chapter 7 describes the role of another negatively charged residue Glu795. Swarts et al 
suggested that this residue was not essential for enzyme activity (Swarts et al. 1996). This 
apparently contrasts with Na+,K+-ATPase and SR type Ca2+-ATPase where the analogous 
residues are thought to play an essential role in cation-binding and transport (Clarke et al. 
1989; Feng and Lingrel 1995; Vilsen 1995a; Koster et al. 1996). The role of the Glu795 residue 
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of gastric H+,K+-ATPase was studied in more detail by construction of a series of mutants (see 
chapter 7; (Hermsen et al. 2000). These newly constructed mutants revealed that Glu795 plays 
a role in K+ activation; however, not the negative charge but the carbonyl group of Glu795 is 
essential. This explains that with the E795Q mutant a wild type like behaviour was found 
(Swarts et al. 1996). The E795Q mutant showed an even slightly increased K+-sensitivity on 
the dephosphorylation process and on the total ATPase activity compared to that of the wild 
type enzyme. Three other mutants E795D, E795N and E795A showed a decreased K+-
sensitivity. In addition the E795L mutant lacked any form of K+-stimulated activity. From 
these results it was concluded (see chapter 7) that a carbonyl group on position 795 is essential 
and plays a pivotal role in K+-activation of the enzyme. The carbonyl residue has to be located 
on a particular position towards the other liganding residues in the cation-binding pocket. 
Therefore, a wild type like activation was observed for the E795Q mutant but a reduced length 
of the side chain containing the carbonyl residue on position 795 (E795D and E795N mutants) 
resulted in an abolished enzyme activity. 
 
CONSTITUTIVE ATPase ACTIVITY  
 
In the wild type enzyme as well as in the E820D mutant the K+-stimulated ATPase 
activity could be completely inhibited by low concentrations of SCH 28080 (chapter 3, 4 and 
5). Since the latter compound did hardly prevent (at 0°C) or even stimulate (at 21°C) ATP-
phosphorylation of the E820Q mutant this suggested that this mutant was very insensitive for 
this drug (see chapter 6). On first sight this observation suggests that Glu820 might be involved 
in the binding of the inhibitor as was suggested by several authors (Swarts et al. 1996; Asano 
et al. 1997). We observed, however, that the “basal” ATPase activity for the various mutants 
was rather variable. When we once tested the effect of SCH 28080 on the ATPase activity of 
the various mutants, we surprisingly found that the “basal” ATPase activity of three of the 
mutants (E820Q, E820N and E820A) was markedly inhibited by SCH 28080 (see chapter 5; 
ref (Swarts et al. 1998) to a background level similar to that of the wild-type enzyme. The IC50 
value for the inhibitory effect of SCH 28080 on the ATPase activity of the wild type enzyme 
and the mutants (measured in the presence of 1 mM K+) varied between 0.2 and 0.7 µM. This 
indicates that the K+-insensitive ATPase activity of the three mutants (E820Q, E820N, 
E820A) and the K+-dependent ATPase activity of the wild type enzyme (and the E820D 
mutant) were equally sensitive towards SCH 28080. 
Chapter 5 described the K+-insensitive, SCH 28080-dependent enzyme activity of these 
three mutants that was coined “constitutive activity” (Swarts et al. 1998). If, however, such an 
activity indeed exists one would expect that with these mutants the rate of dephosphorylation 
in the absence of K+ would be enhanced. This, however, was not found at 0oC. Since the 
ATPase activity was measured at a higher temperature (37oC) we analysed the 
dephosphorylation reaction at 21oC and found that the spontaneous rate of dephosphorylation 
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of these mutants was increased up to the level reached for the wild type enzyme with K+. 
Thus, the “constitutively active” mutants had an increased spontaneous dephosphorylation rate 
at 21oC. From these experiments we concluded that mutation of Glu820 into either a Gln, an 
Asn or an Ala residue changed the K+ binding site in such a way that not only the K+-affinity 
was removed or minimised, but that the K+-filled pocket was mimicked in a certain way. This 
simulation was not complete, since K+ can stimulate the dephosphorylation process of the 
wild type enzyme at 0oC, whereas a higher temperature (21oC) was necessary for K+-
independent dephosphorylation of the three mutants.  
A mutagenesis study towards the significance of Glu795 (see chapter 7; (Hermsen et al. 
2000) showed that the E795L mutant also possessed a constitutive ATPase activity that could 
be explained by an increased spontaneous dephosphorylation. Quantitatively the activity of 
this mutant was smaller than with the Glu820 mutants. However, similar to the E820Q and 
E820N mutants the constitutive ATPase activity of the E795L mutant could not be enhanced 
by addition of K+ ions but could be inhibited by SCH 28080 to the level of mock infected 
cells. The E795A mutant showed a small increase in the ATPase activity in the absence of K+ 
compared to the wild type enzyme that could be stimulated by the addition of K+ ions 
similarly to the E820A mutant described in chapter 5. This effect was explained by assuming 
that due to the small size of the Ala side chain the other liganding groups in the cation-binding 
pocket can still play a role in K+ binding although much higher K+ concentrations are needed 
to accomplish this effect. In contrast to all the other mutants that displayed a constitutive 
ATPase activity, the E795A mutant lacked an increased spontaneous dephosphorylation. An 
explanation could be that the small constitutive ATPase activity of this mutant was detected at 
37°C at which temperature ATP could provide the energy needed for the conformational 
changes. The dephosphorylation process, however, was measured at 21°C at which 
temperature the energy is apparently not sufficient for this spontaneous activation.  
One of the unexplained findings in this study was that SCH 28080 was able to inhibit the 
ATPase activity of the constitutive mutants (chapter 5; (Swarts et al. 1998), but did not 
prevent ATP-phosphorylation of the E820Q mutant (Swarts et al. 1996). We even observed 
that addition of SCH 28080 15 s after start of the phosphorylation experiment carried out at 
21oC increased the phosphorylation level of the E820Q mutant, whereas it decreased the 
phosphorylation level of the wild type enzyme (see chapter 6; (Swarts et al. 1999). This 
behaviour can be explained by the fact that due to the fast dephosphorylation reaction rate of 
the mutant the maximal level of phosphorylated intermediate is not reached under standard 
conditions. Upon addition of SCH 28080 that part of the enzyme that is in the E2-P form will 
form a complex with SCH 28080 that is more stable than the phosphorylated intermediate in 
the absence of SCH 28080. This hypothesis was confirmed by dephosphorylation studies of 
the phosphorylated intermediate obtained in the presence and absence of SCH 28080, in which 
experiments it was shown that the dephosphorylation rate of the phosphorylated intermediate 






It remains unclear how these constitutively active mutants perform their effect, what 
determines the magnitude of this activity and why the phosphorylation level of some of these 
mutants is enhanced by SCH 28080. Therefore a series of double mutants of Glu795 and Glu820 
was constructed and analysed. Several of these mutants showed a very high constitutive 
ATPase activity, an enhanced spontaneous dephosphorylation rate that could be measured 
even at 0oC and a stimulation of the phosphorylation level by SCH 28080 (see chapter 8). 

































Figure 2. Model for the effects of K+ to the native gastric H+,K+-ATPase or constitutive 
active mutants Glu795 and / or Glu820 on the dephosphorylation of the phosphorylated 
intermediate. The transmembrane segments are depicted as bars, transmembrane segments 4, 
5 and 6 are indicated by numbers. An E for glutamate and a D for Aspartate depict the negatively 
charged residues. Mutated negatively charged residues leading to a constitutive active enzyme 
are depicted as dotted circles. The wild type enzyme becomes phosphorylated on a conserved 
aspartate present in the large intracellular loop between transmembrane segments four and five 
(A). In the presence of K+ a conformational change leads to a dephosphorylation of the 
phosphorylated intermediate (B). This conformational change is mimicked in the constitutive 
active mutants, which results in a spontaneous dephosphorylation of the phosphorylated 
intermediate (C). 
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Several double mutants showed constitutive ATPase activity, but a large variation in activity 
levels were observed. The magnitude of the constitutive ATPase activity of the E795Q/E820Q 
and the E795Q/E820A mutants was much higher than that of the corresponding single 
mutants. The high constitutive ATPase activities of these mutants were confirmed by a high 
spontaneous dephosphorylation of the phosphorylated intermediate and could already be 
measured at 0°C. A striking observation was made with the E795L/E820Q mutant that 
showed a moderate constitutive ATPase activity, which was in contrast with a very high 
spontaneous dephosphorylation that even exceeded the spontaneous dephosphorylation rate of 
the E795Q/E820Q and the E795Q/E820A mutants. Furthermore chapter 8 shows that the 
magnitude of the constitutive ATPase activity linearly correlates with the spontaneous 
dephosphorylation rate. This correlation was found for all mutants except the E795L/E820Q 
mutant. The latter mutant showed a strongly reduced phosphorylation rate that explains the 
low constitutive ATPase activity while the phosphorylation step of this mutant became rate 
limiting. In addition SCH 28080 increased the steady state phosphorylation levels of all 
double mutants except E795L/E820D. These increased phosphorylation levels in the presence 
of SCH 28080 were explained similarly as that of the E820Q mutant described in chapter 6. 
The study performed with the double mutants substantiate the idea that the constitutive 
ATPase activity, the spontaneous dephosphorylation of the phosphorylated intermediate as 
well as the effect of SCH 28080 on the phosphorylation levels were caused by a common 
denominator given the strong linear correlation that was observed. 
The studies that described the constitutive ATPase activities of several mutants (see 
chapters 5, 7 and 8) led to a model as is shown in figure 2. The conformation of the wild type 
enzyme (as well as that of the mutants with a K+-stimulated and no constitutive ATPase 
activity) normally inhibits the dephosphorylation process. Binding of K+-ions to its binding 
pocket results in a conformational change that removes the inhibition of the 
dephosphorylation process and as a result the phosphorylated intermediate dephosphorylates 
rapidly. Some mutants showed a constitutive ATPase activity. It is tempting to speculate that 
the inhibition of the dephosphorylation process that is present in the wild type enzyme is 
absent in these mutants. Probably these mutants form a certain conformation in the absence of 
K+ ions that mimics the effect of K+-binding in the cation-binding pocket of the wild type 
enzyme. The better this simulation the higher the spontaneous dephosphorylation rate that 
normally results in a higher constitutive ATPase activity.  
 
ROLE OF THESE RESIDUES IN THE PHOSPHORYLATION PROCESS 
 
It is generally assumed that the same cation-binding pocket, although in different 
conformations, is involved in H+-binding during phosphorylation and in K+-binding during 
dephosphorylation. The experiments described above refer to the study of the dephospho-
rylation process. Studies on the cation-binding pocket involved in the phosphorylation process 
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are more difficult with H+,K+-ATPase than with Na+,K+-ATPase or Ca2+-ATPase. Increasing 
the H+ concentration by decreasing the pH does not only change the concentration of the 
studied H+ ion, but might also have effects on the protein conformation and so indirectly 
influence the phosphorylation process. Since all the Glu820 and Glu795 mutants can be 
phosphorylated in the presence of ATP, this suggests that these residues are not essential for 
H+-binding. Mutagenesis of the residues, however, has an effect on the rate and level of 
phosphorylation and (probably indirectly) on the ATP-affinity during the phosphorylation 
reaction. The rate and level of phosphorylation of the E820D mutant were much lower than 
that of the wild type enzyme both at pH 6.0 and at pH 7.0 (see chapter 4; ref. (Hermsen et al. 
1999). Increasing the pH from 6.0 to 7.0 had a rather similar effect on rate and level of 
phosphorylation of the wild type enzyme as mutagenesis of Glu820 to an Asp residue. The 
apparent ATP-affinity for the phosphorylation reaction of the E820D mutant was a factor 2-3 
lower than that of the wild type enzyme at both pH values. This lower phosphorylation rate of 
the E820D mutant has no effect on the K+-stimulated ATPase reaction measured at 37oC. At 
this temperature, the phosphorylation rate does apparently not play a role in the total ATPase 
reaction rate. The lower the assay temperature, however, the larger the difference became 
between the K+-stimulated ATPase activity of the wild type enzyme and that of the E820D 
mutant, suggesting that at lower temperatures the phosphorylation rate did have its effect on 
the total ATPase reaction. This indicates that the H+ affinity of this mutant might be decreased 
compared to that of the wild type enzyme. A decreased H+ affinity of this mutant might 
explain the presence of an apparently decreased ATP affinity that was also observed. It is 
unlikely that mutagenesis of Glu820 into Asp would decrease ATP binding since the ATP 
binding site is located in the large intracellular loop between transmembrane domains four and 
five (Andersen 1995; Kuntzweiler et al. 1995; Møller et al. 1996; Pedersen et al. 1996). 
Furthermore for Na+,K+-ATPase it was shown that the expression of only the large 
intracellular loop in Escherichia coli had no effect on the ATP selectivity compared to a fully 
expressed enzyme (Gatto et al. 1998; Obsil et al. 1998). The hypothesis that Glu820 of gastric 
H+,K+-ATPase is also involved in H+-binding and transport is in agreement with observations 
reported for the related Ca2+-ATPase of both the SERCA and PM type and Na+,K+-ATPase. 
The corresponding residues of these enzymes also play a role in the binding and transport of 
Ca2+ and Na+, respectively (Kuntzweiler et al. 1996), which ions also stimulate 
phosphorylation (Clarke et al. 1989; Jewell-Motz and Lingrel 1993; Andersen and Vilsen 
1994; Andersen 1995; Vilsen 1995b). 
The above described findings implicate that Glu795 and Glu820 play not only a role in K+ 
binding but are also involved in H+ binding and thus in the phosphorylation reaction. For a 
maximal phosphorylation rate and level the presence of these two residues is necessary, but 
many mutations of these residues do not prevent ATP-dependent phosphorylation. An 
indication for the role of these residues in the phosphorylation process is also obtained from 
the study on the double mutants described in chapter 8. For example the E795L/E820Q mutant 
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showed a strongly reduced phosphorylation rate in a way the even the magnitude of the 
constitutive ATPase activity decreased indicating that for this mutant the phosphorylation step 




The mutagenesis studies with H+,K+-ATPase described in this thesis have resulted in 
new important information concerning the ion-binding pocket. In particular the studies in 
which the K+-filled binding pocket is mimicked by site-directed mutagenesis are very 
promising. This can lead to a further insight in the structure-function relationship of this 
enzyme. The results described in this thesis clearly show an essential role of Glu795 and Glu820 
in cation-binding. Asano et al (1996) described an essential role of another negatively charged 
residue Glu343 present in the fourth transmembrane domain. However, a detailed study 
regarding the exact role of this residue should provide the information whether mutagenesis of 
this residue could also result in a simulation of K+-binding and thus in a constitutive ATPase 
activity. Therefore it seems logical to study a series of substitutions of Glu343. If any of these 
future mutants might result in a constitutive active mutant it will be interesting to construct 
double or triple mutants in combination with Glu795 and Glu820.  The purpose of these studies 


























































Figure 3. Proposed helical wheels of the transmembrane segments 4, 5 and 6 of the α-
subunit of rat gastric H+,K+-ATPase. The polar amino acid residues are given in boldface type. 
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interestingly to investigate the effect on the constitutive ATPase activity of a triple mutant. 
This might be capable to simulate the K+ bound state even better than some of the double 
mutants and lead to an even higher constitutive ATPase activity. Other residues that might be 
important to investigate are polar residues located close to the negatively charged residues like 
Tyr799, Tyr802, Ser806, Thr823 and Asn792. These residues together with the negatively charged 
residues, which were described above might face the cation-binding pocket as it is illustrated 
in figure 3. Analogous residues present in the Na+,K+-ATPase and the Ca2+-ATPase also play 
a role in the cation-binding pocket. Also interesting would be to remove all negatively charged 
residues in the cation-binding pocket and introduce some negatively charged residues on other 
positions, this might result in a gain of cation sensitivity. If so, this approach could be useful 
to study the borders of the cation-binding pocket. 
A question that still remains open deals with the transport properties of the constitutive 
active mutants. Do these constitutive active mutants still perform cation transport and if so 
what are their properties? To tackle this problem we investigated the possibilities to use the 
mutant enzymes that were expressed in the insect Sf9 cells directly for reconstitution in or on 
a planar phospholipid bilayer (black lipid membranes). Gastric H+,K+-ATPase exchanges 2 H+ 
ions from the cell in exchange for 2 K+ ions per ATP hydrolysed. This system has the 
advantage that electric events can be measured directly by electrophysiological techniques. 
These black lipid membranes (BLM) were used to study the transport kinetics of Na+,K+-
ATPase purified from several organs such as kidney, heart and nervous tissue but also gastric 
H+,K+-ATPase isolated from the pig gastric mucosa was studied successfully (Van der Hijden 
et al. 1990; Stengelin et al. 1992; Stengelin et al. 1993). These studies with the BLM system 
were all performed with isolated and purified enzymes. Preliminary experiments using 
recombinant gastric H+,K+-ATPase present in the Sf9 membrane preparations were not 
successful. Several explanations are possible for this negative result but future experiments to 
improve expression levels, enzyme isolation, purification and reconstitution as well as 
decreasing the amount of inactive enzyme in the Sf9 membranes might provide new 
opportunities to measure transport kinetics using the BLM system. To improve the changes of 
successful measurements of the constitutive active mutants with the BLM system it could be 
useful to express the α-subunit coupled with a His-tag. This could facilitate a better 
purification from the Sf9 cell membranes, which could lead to a increased yield upon 
reconstitution of our enzyme. It has to be stated that reconstitution of these complex 
transmembrane proteins could be very difficult although successful reports have been 
published (Cornelius 1991; Cornelius and Logvinenko 1996; Gropp et al. 1998). Other 
techniques that could be used to measure the transport properties of gastric H+,K+-ATPase are 
voltage clamp techniques to measure steady state pump currents. Similar studies have been 
performed for the Na+,K+-ATPase (Jaunin et al. 1992; Jaisser et al. 1994; Peluffo and Berlin 
1997; Abriel et al. 1999). However, these studies require a closed cell system meaning that the 
insect cell expression system is not the most appropriate system to try these experiments. 
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Successful studies with Na+,K+-ATPase were reported after expression in Xenopus oocytes or 
HeLa cells. These cell systems were also used to measure transport properties of both Na+,K+-
ATPase and H+,K+-ATPase with radiolabelled analogues for K+ like 86Rb+ (Jaisser et al. 1992; 
Jaisser et al. 1993; Mathews et al. 1995; Cougnon et al. 1996). This approach could also be 
valuable to study the transport properties of the constitutive active mutants described in this 
thesis but requires a functional expression in a different system than the insect Sf9 cells. 
Another interesting subject concerns the three dimensional structure of the gastric 
H+,K+-ATPase. A lot of effort has already been invested to unravel this three dimensional 
structure for H+,K+-ATPase and other related enzymes (Raussens et al. 1997; Kuhlbrandt et al. 
1998; Raussens et al. 1998; Auer et al. 1999; Scarborough 1999; Stokes et al. 1999; Zhang et 
al. 1998). Very recently, after completion of this thesis, the crystal structure of the 
sarcoplasmic reticulum Ca2+-ATPase with two calcium ions bound in the transmembrane 
domain was solved at 2.6 Å resolution (Toyoshima et al. 2000). Figure 4 shows the overall 
architecture of the sarcoplasmic reticulum Ca2+-ATPase that was obtained after crystallizing 
the enzyme in the presence of 10 mM CaCl2.  
 
Figure 4. Architecture of the sarcoplasmic reticulum Ca2+-ATPase.  α-helices are
represented by cylinders and β-strands by arrows. Cylinders are not used for one-turn helices. 
Three cytoplasmic domains are labelled (A, N and P). Transmembrane helices (M1-M10) and
those in domains A and P are numbered. The model is orientated so that transmembrane helix
M5 is parrallel to the plane of the paper. The model in the right panel is rotated by 50° around
M5. The M5 helix is 60 Å long and serves as a scale. Asp351 is the residue of phosphorylation.
This figure was taken from Toyoshima et al. (2000).   
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The enzyme possesses ten transmembrane domains (M1-M10). The lengths of the 
helices vary strongly, some of them are very long and straight (M2 and M5), others are 
unwound (M4 and M6) or kinked at the middle of the membrane (M10). The unwound nature 
of some of the helices suggests that revision of the helical wheels depicted in this thesis is 
needed. Furthermore, one has to keep in mind that unlike the Ca2+-ATPase, the gastric H+,K+-
ATPase also contains a β-subunit that needs to interact with the catalytic α-subunit to obtain a 
functional enzyme. The presence of two Ca2+-binding sites (I and II) has been suggested 
previously (MacLennan et al. 1997). This was confirmed by the elucidated structure 
(Toyoshima et al. 2000). Site I is located in the space between the helices M5 (Asn768 and 
Glu771 ≡ Glu795 of gastric H+,K+-ATPase) and M6 (Thr799 and Asp800 ≡ Asp824 of gastric 
H+,K+-ATPase) with contribution of M8 (Glu908). The orientation of these oxygen-containing 
residues facing the Ca2+-binding site I is in agreement with the results obtained by 
mutagenesis of these residues (Clarke et al. 1989). Site II is formed by Glu309 ≡ Glu343 of 
gastric H+,K+-ATPase (M4), Asn796 ≡ Glu820 of gastric H+,K+-ATPase and Asp800 (M6) in 
combination with the main chain carbonyl oxygen atoms of Val304, Ala305 and Ile307 (M4). The 
latter can only be facilitated by the unwinding of the M4 helix. The Ca2+-binding sites I and II 
are stabilized by hydrogen-bond networks between the coordinating residues and between 
residues on other helices. These hydrogen-bond networks probably play an important role in 
the positioning of the Ca2+-binding residues. The Asp800 residue plays a role in both Ca2+-
binding sites. Therefore the positioning of this residue is very crucial. This explains why 
mutagenesis of this amino acid residue in all cases disrupts enzyme activity. Mutagenesis of 
the homologues residue in Na+,K+-ATPase (Asp808) and gastric H+,K+-ATPase (Asp824) also 
leads to inactivation of enzyme activity, which might be an indication for a similar role of this 
residue in these related enzymes. In addition, the other corresponding residues that seem to 
play a role in cation-binding in these related enzymes are similar to those that play a role in the 
sarcoplasmic reticulum Ca2+-ATPase located within the site I and II Ca2+-binding sites. 
Mutagenesis studies on Glu795 and Glu820 of gastric H+,K+-ATPase, described in this thesis 
suggest a similar role compared to their analogues present in the sarcoplasmic reticulum Ca2+-
ATPase.  The results indicated that the cation-binding sites of both enzymes share a high 
degree of similarity. This homology concerning the primary structure as well as the functional 
similarity of these residues might imply that there is also a high degree of structural 
similarities with respect to the cation-binding sites.   
The cytoplasmic domain of the sarcoplasmic reticulum Ca2+-ATPase consists of three 
well defined separated domains indicated as A, N and P) (Toyoshima et al. 2000). The central 
part (domain P) contains the phosphorylation site Asp351. ATP binding takes place at the N-
domain. The A domain is the smallest cytoplasmic domain that is located somewhat isolated 
from the other cytoplasmic domains. Toyoshima et al. (2000) suppose that the A domain 
moves substantially during active transport. Domain A undergoes the largest movement, 
nearly a 90° rotation. This rotation also requires movements in the M1-M3 helices. The N 
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domain undergoes a 20° change of the orientation with respect to the P domain. The 
connecting loop, between transmembrane segments M6 and M7 (L67), follows the movement 
of the P domain suggesting that this region is important for domain motions. This loop can 
mediate interactions of the P domain and the transmembrane segments M4 and M5. Therefore 
it is believed that this loop plays a role in the conformational changes that are involved in the 
communication between different enzyme regions. If the P domain moves or the upper part of 
the helix M5 or M4 moves, the movement will be transmitted to M3 and M6. Movements of 
the L67 loop probably take place upon the conformational changes as a result of Ca2+-binding. 
The phosphorylation site present in the P domain is more than 25 Å away from the nucleotide-
binding site present in the N domain. This means that domain closure must occur during ATP 
hydrolysis. There are indications that the N domain is fixed in the absence of Ca2+ but mobile 
in the presence of Ca2+. In the phosphorylated state the N domain comes close to the P 
domain, which might be caused by the conformational changes as a result of ATP binding to 
the N domain. The A domain might function as an actuator or anchor for the large N domain 
motions that are induced by Ca2+ binding. It is suggested that Ca2+ binding releases domain A, 
a process in which helices M1-M3 might play a role. The loop between M6 and M7 (L67) is 
connected to these M1-M3 domains through hydrogen bonds particularly to M3. Therefore 
L67 might also play a role in the conformational changes of the A domain preceding the 
conformational changes that take place in the other cytosolic domains.  
Assuming that there is a high degree of similarity between the sarcoplasmic reticulum 
Ca2+-ATPase and gastric H+,K+-ATPase how can we explain the constitutive ATPase activity 
that was observed in some mutants of the presumed cation-binding sites within the gastric 
H+,K+-ATPase? The phosphorylation mechanism of the gastric H+,K+-ATPase probably 
shares a high degree of similarity with that described above for the Ca2+-ATPase. However, in 
the wild type gastric H+,K+-ATPase, K+ ions are needed to stimulate the dephosphorylation 
process. The binding of K+ ions might stimulate a movement of the cytoplasmic domains that 
result in a dephosphorylation of the phosphorylated intermediate. Some constitutive active 
mutants of gastric H+,K+-ATPase mimic the K+ bound state. This might be explained by 
assuming that due to the mutagenesis of these residues, the conformational changes in the 
cytoplasmic domains might occur in the absence of K+ ions. If one assumes that the loop 
between M6 and M7 (L67) of gastric H+,K+-ATPase also plays an important role in the 
communication between the cation-binding sites and the cytoplasmic domains, it seems 
logical that some mutants of Glu820 (present in M6) contain a higher constitutive ATPase 
activity than that of Glu795 (present in M5). Mutagenesis of Glu820 might directly influence the 














  De verzuring van de maaginhoud speelt een belangrijke rol bij het 
spijsverteringsproces van vrijwel alle gewervelde dieren. Deze verzuring vindt plaats door de 
werking van het enzym: waterstof-kalium ATPase (H+,K+-ATPase). Zoals in hoofdstuk 1 van 
dit proefschrift wordt beschreven is het H+,K+-ATPase gelokaliseerd op het plasmamembraan 
van een specifiek celtype: de pariëtaalcel. Een goede regulatie van het H+,K+-ATPase is 
essentieel. Wanneer het enzym altijd op de plasmamembraan van de pariëtaalcellen aanwezig 
is zal dit tot gevolg hebben dat het maagzuurgehalte te hoog wordt. Om de verzuring van de 
maag goed te reguleren is het H+,K+-ATPase niet altijd gelokaliseerd op het plasmamembraan 
van de pariëtaalcel. In een situatie waarbij verzuring van de maag niet noodzakelijk is bevindt 
het enzym zich in intracellulaire blaasjes: tubulovesicles. Ten gevolge van een stimulatie van 
de rustende pariëtaalcel fuseren deze tubulovesicles met het plasmamembraan waardoor het 
enzym in het plasmamembraan terecht komt en de verzuring van de maaginhoud plaatsvindt. 
Wanneer de stimulus verdwijnt zal ook het enzym van het plasmamembraan verdwijnen en 
daarmee ook het verzuringproces afnemen. 
 Het H+,K+-ATPase bestaat uit twee verschillende subunits, te weten een katalytische 
subunit, ofwel α-subunit en een β-subunit. De structuur van beide subunits en hun rol in het 
werkingsmechanisme van het enzym wordt beschreven in hoofdstuk 1. De α-subunit speelt 
een essentiële rol bij de binding en het transport van de H+- en K+-ionen. Daar het 
transportproces tegen de aanwezige concentratiegradiënt plaatsvindt wordt de benodigde 
energie verkregen door de hydrolyse van ATP. In de hoofdstukken 3 tot en met 8 wordt de rol 
van een tweetal negatief-geladen aminozuren, gelokaliseerd in het plasmamembraan van de α-
subunit, beschreven. Hierbij ligt de nadruk op de effecten van mutagenese op de door H+-, 
maar met name door K+-gestimuleerde reacties die betrokken zijn bij de ATP-hydrolyse. 
 
Effect van de β-subunit en de lipidensamenstelling op de K+-gevoeligheid 
 
  In het verleden zijn de meeste biochemische studies uitgevoerd op het varkens-H+,K+-
ATPase vanwege de eenvoudige beschikbaarheid van varkensmagen afkomstig uit het 
slachthuis. Omdat in onze expressiestudies het rattenenzym wordt gebruikt was het interessant 
om een vergelijkende studie uit te voeren tussen het ratten- en het varkens-H+,K+-ATPase. Het 
rattenenzym blijkt een hogere K+-gevoeligheid te bezitten dan het varkensenzym. Een 
onderzoek naar de oorzaak van dit verschil werd onderzocht zoals wordt beschreven in 
Hoofdstuk 2. Vervanging van de oorspronkelijke membraanlipiden door een 
fosfatidylcholine/cholesterol-mengsel heeft een effect op de K+-gevoeligheid van beide 
enzymen, hoewel er nog steeds een verschil in K+-gevoeligheid blijft bestaan. Hieruit wordt 
geconcludeerd dat de lipidensamenstelling van de membranen waarin het enzym zich bevindt 
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een effect heeft op de K+-gevoeligheid. Expressie van beide enzymen in insectencellen toont 
aan dat ook de β-subunit een effect heeft op de K+-gevoeligheid.  
 
De rol van negatief-geladen aminozuren op K+-afhankelijke processen 
 
  De eerder genoemde katalytische subeenheid ofwel α-subunit speelt een belangrijke 
rol in de bepaling van de kaliumgevoeligheid van de ATPase-reactie. Deze subunit bezit een 
tiental transmembraandomeinen. Met name de negatief-geladen aminozuren aanwezig in deze 
transmembraandomeinen spelen een belangrijke rol bij de bepaling van de 
kaliumgevoeligheid. Zowel waterstof- als kalium-ionen bezitten een positieve lading, vandaar 
dat het niet ondenkbaar is dat deze gedurende het transport tijdelijk gebonden worden aan 
negatief-geladen aminozuren aanwezig in de transmembraandomeinen van het enzym. In dit 
proefschrift wordt een onderzoek beschreven waarin twee van deze negatief-geladen 
aminozuren Glu795 en Glu820 centraal staan (hoofdstuk 3-8). Om het door ons uitgevoerde 
onderzoek mogelijk te maken was het noodzakelijk om het H+,K+-ATPase functioneel tot 
expressie te brengen. Hiertoe werd het enzym tot expressie gebracht in insectencellen die geen 
endogeen H+,K+-ATPase bezitten. Om de rol van de eerder genoemde negatief-geladen 
aminozuren te kunnen bestuderen werden een aantal negatief-geladen aminozuren met behulp 
van moleculair biologische technieken vervangen door andere (niet) negatief-geladen 
aminozuren.  
  Hoofdstuk 3 beschrijft een deel van ons onderzoek gericht op één van deze negatief-
geladen aminozuren te weten glutamaat op positie 820 (Glu820). Glu820 werd vervangen door 
een vijftal andere aminozuren. Substitutie van Glu820 door Asp (eveneens negatief-geladen) 
heeft geen effect op de K+-affiniteit van het enzym. Dit betekent dat een negatieve lading op 
positie 820 voldoende is voor een normale enzymatische activiteit. Substituties van Glu820 
door neutrale- of positief-geladen aminozuren: Asn, Gln, Lys en Leu resulteerde in een enzym 
dat geen enkele K+-geactiveerde enzymactiviteit vertoonde. Een uitzondering hierop wordt 
gevormd door de Ala mutant waarbij hoge K+-concentraties in staat waren de ATPase-
activiteit te stimuleren. K+-stimulatie van de enzymactiviteit bij deze mutant kan 
waarschijnlijk optreden doordat in de bindingspocket andere hierbij betrokken negatief-
geladen aminozuren nog steeds K+-ionen kunnen binden. Waarom wordt dit niet 
waargenomen bij andere mutanten waarbij een negatief-geladen aminozuur op positie 820 
ontbreekt? Waarschijnlijk is dit omdat de zijketen van de aminozuren van deze mutanten 
groter is dan die van alanine. Hierdoor worden andere negatief-geladen aminozuren 
afgeschermd en kunnen zij geen K+-ionen meer binden. 
  In hoofdstuk 7 wordt een studie beschreven waarin een ander negatief-geladen 
membraangebonden aminozuur centraal staat te weten Glu795. Uit deze studie werd 
geconcludeerd dat evenals Glu820 ook Glu795 een rol speelt bij K+-activatie van het enzym. 
Echter niet de negatieve lading maar de carbonylgroep van Glu795 is essentieel. Substitutie van 
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Glu795 door een Gln resulteerde in een mutant-enzym met een normale K+-gestimuleerde 
enzymactiviteit. Drie andere mutanten met op positie 795 een Asp, Asn of Ala bezaten een 
sterk verlaagde K+-gevoeligheid, terwijl substitutie door Leu resulteerde in een mutant zonder 
een K+-gestimuleerde activiteit. Deze resultaten ondersteunen de conclusie dat de 
carbonylgroep op positie 795 een essentiële rol speelt in de K+-activering van het enzym. 
Echter de carbonylgroep moet op een bepaalde positie ten opzichte van de andere K+-bindende 
residuen gelokaliseerd zijn waarbij de lengte van het residu op positie 795 een essentiële rol 
speelt. De enzymactiviteit werd namelijk sterk gereduceerd wanneer de lengte van de zijketen 
kleiner was zoals bij de Asn en Asp mutanten.  
 
Constitutieve ATPase activiteit 
 
  In het wildtype-enzym maar ook bij de Glu820Asp mutant werd de K+-gestimuleerde 
activiteit volledig geremd door lage concentraties van de specifieke H+,K+-ATPase-remmer 
SCH 28080 (hoofdstuk 3, 4 en 5). Deze remmer was echter niet in staat om de fosforylering 
van sommige mutanten te remmen zoals dit bij het wildtype-enzym wel het geval is. Bij 
sommige mutanten werd zelfs een stimulatie van de ATP-fosforylering waargenomen onder 
invloed van SCH 28080. In eerste instantie suggereert dit dat het Glu820 een rol speelt bij de 
binding van de remmer en dat ten gevolge van substitutie van deze residuen een verminderde 
binding optreedt. Echter de ATPase-activiteit van deze mutanten werd wel geremd door SCH 
28080. Voorbeelden van dergelijke mutant-enzymen zijn de substituties van Glu820 door Gln, 
Asn en Ala. Opvallend was dat deze mutant-enzymen een sterke variabele basale ATPase-
activiteit bezaten die door SCH 28080 geremd kon worden tot het achtergrondniveau. De IC50 
waarde voor het remmende effect van SCH 28080 op de ATPase-activiteit van deze mutanten 
is vergelijkbaar met die van het wild type enzym. Met andere woorden, de K+-onafhankelijke 
ATPase-activiteit (constitutieve activiteit) van deze mutanten en de K+-gestimuleerde 
ATPase-activiteit van het wildtype-enzym (maar ook de Glu820 Asp mutant) vertonen een 
vergelijkbare SCH 28080-gevoeligheid. 
  Hoofdstuk 5 beschrijft de K+-onafhankelijke maar SCH 28080-gevoelige enzym- 
activiteit van de mutanten met constitutieve ATPase-activiteit. Echter een constitutieve 
ATPase-activiteit kan alleen verklaard worden als er ook een K+-onafhankelijke ofwel 
spontane defosforylering aanwezig is. Een dergelijke spontane defosforylering kon alleen 
gemeten worden bij 21°C en niet bij 0°C. Uit deze experimenten werd geconcludeerd dat 
substitutie van Glu820 door een Gln, Asn of Ala, de K+-bindingsplaats zodanig verandert dat 
weliswaar de K+-gevoeligheid verdween of verminderde, maar dat de K+-gebonden situatie 
werd nagebootst. Een mutagenese studie gericht op Glu795 (Hoofdstuk 7) toonde dat de 
Glu795Leu mutant eveneens een constitutieve ATPase-activiteit en een K+-onafhankelijk 
defosforylering bezit. Ook de substitutie van Glu795 door Ala had een verhoogde basale en 
SCH 28080 rembare ATPase-activiteit, maar een verhoogde spontane defosforylering kon bij 
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deze mutant niet gemeten worden. De kleine constitutieve ATPase-activiteit van deze laatste 
mutant werd gemeten bij 37°C. Mogelijk is de energie die nodig is voor de 
conformatieveranderingen groter bij 21°C dan bij 37°C, zodat bij 21°C een spontane 
defosforylering voor deze mutant niet gemeten kon worden. 
  Hoe kan SCH 28080 wel de ATPase-activiteit remmen maar is het niet in staat de 
fosforylering van sommige mutanten te remmen? Deze vraag staat centraal in het onderzoek 
dat wordt beschreven in hoofdstuk 6. Door de snelle spontane defosforylering van een aantal 
mutanten is het niet mogelijk om een maximaal fosforyleringsniveau te meten onder de 
gebruikte omstandigheden. Toevoeging van SCH 28080 zal tot gevolg hebben dat het enzym 
in de E2P conformatie SCH 28080 zal binden en een E2P-SCH 28080 vorm ontstaat. Deze 
laatste vorm zal veel langzamer defosforyleren waardoor een accumulatie in deze vorm 
optreedt en het fosforyleringsniveau zal stijgen. 
  Het blijft echter onduidelijk hoe de hoogte van de constitutieve ATPase-activiteit 
wordt bepaald, waarom het fosforyleringsnivo van sommige van deze mutanten wordt 
verlaagd door SCH 28080 terwijl bij andere een verhoging plaatsvindt. Om deze vragen op te 
kunnen lossen werden dubbelmutanten van Glu795 en Glu820 gemaakt. In hoofdstuk 8 worden 
de resultaten van deze studie beschreven. Verschillende van de dubbelmutanten bezitten een 
zeer hoge constitutieve ATPase-activiteit, een verhoogde spontane defosforyleringssnelheid en 
een sterke stimulatie van het fosforyleringsniveau in aanwezigheid van SCH 28080. In dit 
hoofdstuk werd aangetoond dat de hoogte van de constitutieve ATPase-activiteit, de spontane 
defosforylering en het effect van SCH 28080 op het fosforyleringsniveau gecorreleerd zijn aan 
elkaar. Dit moet betekenen dat een overeenkomstig moleculair mechanisme verantwoordelijk 
is voor de uitkomst van deze ogenschijnlijk verschillende parameters. Voor één mutant bleek 
een dergelijke correlatie niet te bestaan. Dit kon echter verklaard worden door een 
gereduceerde fosforyleringssnelheid van deze mutant ten opzichte van de andere 
enzympreparaten. 
De constitutieve ATPase-activiteiten van de mutanten beschreven in hoofdstuk 5, 7 en 8 
kunnen verklaard worden door het volgende model. De conformatie van het wildtype-enzym 
zal normaal gesproken de defosforylering remmen. Binding van K+-ionen resulteert in een 
conformatieverandering waardoor deze rem wordt opgeheven. Sommige mutanten bezitten 
een constitutieve ATPase-activiteit. Waarschijnlijk bezitten deze mutanten een bepaalde 
conformatie die de K+-gebonden situatie nabootst. Hoe beter deze simulatie hoe hoger de 
constitutieve activiteit.   
 
De rol van deze aminozuren in de fosforylering 
 
Het wordt algemeen gedacht dat dezelfde kationbindingsplaats, hoewel in 
verschillende conformaties, betrokken is bij H+-binding gedurende de fosforylering en K+-
binding gedurende de defosforylering. De hierboven beschreven studies beschrijven het 
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defosforyleringsproces. Een studie aangaande de rol van de beschreven aminozuren bij het 
fosforyleringsproces is complex daar het veranderen van H+-concentraties een direct effect 
heeft op de pH. Veranderingen in de pH kunnen eveneens een effect hebben op de 
eiwitconformatie en zo indirect het fosforyleringsproces beïnvloeden. Omdat alle mutanten 
van Glu795 en Glu820 gefosforyleerd kunnen worden door ATP kan geconcludeerd worden dat 
deze aminozuren niet essentieel zijn voor H+-binding. Toch zijn effecten op de fosforylering 
van enkele mutanten waargenomen wat een mogelijke rol van de eerder genoemde 
aminozuren bij H+-binding niet uitsluit. 
Wanneer Glu820 werd vervangen door Asp (hoofdstuk 4) bleek de fosforylerings-
snelheid en -niveau van deze mutant lager te zijn dan die van het wildtype-enzym. Een stijging 
van de pH van 6.0 naar 7.0 heeft een vergelijkbaar effect op de fosforylering van het wildtype-
enzym als de mutagenese van Glu820 naar Asp. Tevens is de ATP-affiniteit van de mutant 
lager dan die van het wildtype-enzym. Deze schijnbaar verlaagde ATP-affiniteit is 
waarschijnlijk een indirect effect op de verlaagde H+-affiniteit. Aangezien ATP-binding 
plaatsvindt in de intracellulaire lus tussen de vierde en vijfde transmembraandomein is het 
onwaarschijnlijk dat een aminozuursubstitutie van Glu820 (zesde transmembraandomein) een 
direct effect zal hebben op de ATP-binding. Wel heeft de ATP-concentratie evenals de H+-
concentratie invloed op de fosforyleringsreactie. Wanneer een verlaging van de H+-affiniteit 
optreedt zal dit gepaard gaan met een schijnbare verlaging van de ATP-affiniteit daar beide 
een rol spelen bij dezelfde reactie, namelijk de fosforylering. Daarom werd geconcludeerd dat 
deze verlaging van de ATP-affiniteit het gevolg zou kunnen zijn van een verlaagde H+-
affiniteit. Ook mutagenese van Glu795 bleek bij sommige mutanten effect te hebben op het 
fosforyleringsproces (Hoofdstuk 7). Deze bevindingen impliceren dat zowel Glu795 als Glu820 
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AcNPV  Autographa californica nuclear polyhydrosis virus 
ADP   Adenosine diphosphate 
ATP   Adenosine triphosphate 
bp    Base pairs 
C12E8   Octaethyleneglycol monododecylether 
Ca2+-ATPase Magnesium dependent calcium ion transporting adenosine 
triphosphatase 
cDNA   Copy DNA 
DCCD   Dicyclohexylcarbodiimide 
DNA   Deoxyribonucleic acid 
E.coli   Escherichia coli 
Eact    Activation energy 
EDTA   Ethylenediaminetetra-acetic acid 
EGTA   Ethyleneglycol-bis(aminoethyl)-tetra-acetic acid 
ELISA   Enzyme linked immunosorbent assay 
EP    Phosphorylated intermediate 
FITC   Fluorescein isothiocyanate 
FSBA   Fluorosulfonylbenzoyl adenosine 
FTIR   Fourier transform infrared spectroscopy 
H+,K+-ATPase Magnesium dependent hydrogen ion transporting and potassium- 
stimulated adenosine triphosphatase 
H4H5   Large intracellular loop between transmembrane domains four and five 
IC50   50% inhibitory concentration 
K0.5   50% stimulatory concentration 
kDa   Kilo Dalton 
M(number)  Transmembrane domain (number) 
MeDAZIP  2,3-dimethyl-8-[(4-azidophenyl)methoxy]-imidazo[1,2a]pyridine 
MOI   Multiplicity of infection 
mRNA       Messenger RNA 
Na+,K+-ATPase Magnesium dependent sodium ion transporting and potassium- 
stimulated adenosine triphosphatase 
PAGE   polyacrylamide gel electrophoresis 
PBS   Phosphate buffered saline 
PBST   PBS, 0.05% Tween 20 
Pi    Inorganic phosphate 
PVDF   Polyvinylidenefluoride  
RNA    Ribonucleic acid 
SCH 28080  3-(cyanomethyl)-2-methyl-8(phenylmethoxy)imidazo[1,2a]pyridine 
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SDS   Sodium dodecyl sulphate 
SE    Standard error 
SEM   Standard error of the mean 
SERCA  Sarcoplasmic and endoplasmic reticulum Ca2+-ATPase 
Sf9    Spodoptera frugiperda insect cells 
SR    Sarcoplasmic reticulum 
TM   Transmembrane domain 
Tween 20  Polyoxyethylene sorbitan monolaurate 
v/v    volume over volume 
w/v   weight over volume 
WT   Wild type 
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Vreemd is het eigenlijk dat een proefschrift wordt afgesloten met een dankwoord. Niet 
zozeer vreemd om een aantal mensen te bedanken die een substantiële bijdrage hebben 
geleverd aan het tot stand komen van dit boekje. Maar een vreemde gedachte is het wel dat 
een dankwoord door verreweg de meeste mensen gelezen zal worden en het daar helaas ook 
vaak bij blijft. Desalniettemin wil ik van de gelegenheid gebruikmaken. 
Beste Jan Joep, het is onmogelijk je te bedanken voor……! Ik zou een aantal dingen kunnen 
noemen die ik zeer in jou heb gewaardeerd en waarvoor ik je wil bedanken. Een van deze 
dingen is je tomeloos geduld en je bruikbare aanwijzingen bij het schrijven van de artikelen.  
Ook de vrijheid die ik van je kreeg om richting te geven aan mijn onderzoek. En de tijd, die 
hoe druk je het ook had, je altijd vond om behaalde resultaten te bespreken waren mij zeer 
waardevol. Ik zou nog vele dingen kunnen noemen maar wil besluiten met: ‘Beste Jan Joep 
bedankt voor alles!’. 
De ATPase boys, Herman en Jan wil ik bedanken voor het feit dat ze als mijn 
paranimfen willen optreden maar dat is niet de belangrijkste reden. Herman ik heb me 
veelvuldig in positieve zin over je verbaasd. In het bijzonder heb ik me verbaasd over je 
enorme hoeveelheid parate kennis omtrent het H+,K+-ATPase waarvan ik erg veel heb geleerd. 
Maar minstens zo belangrijk waren je technische vaardigheden die geleid hebben tot een groot 
aantal resultaten die in dit boekje staan beschreven. Jan, collega AiO eigenlijk OiO, gezellig 
was het zeker op AiO retraites, maar ook in Lunteren, Kopenhagen en Gothenburg en 
natuurlijk op het lab. Hoewel wij beiden totaal verschillende mensen zijn heb ik altijd met 
plezier met je gewerkt en hebben we menig discussie al dan niet over het onderzoek samen 
gevoerd. Ik hoop dat ik binnenkort ook jouw proefschrift zal ontvangen en wens je bij de 
verdere afronding van je promotie nog veel succes. 
Peter jou wil ik met name bedanken voor je kritische kijk op mijn onderzoek, altijd 
bleef jij vragen stellen om de zwakke punten naar voren te kunnen halen, of om zoals je vaak 
zelf zei alleen omdat jij het wilde begrijpen. Jouw vragen hebben mij niet alleen stof tot 
nadenken gegeven maar mij tevens doen beseffen dat in de wetenschap vragen misschien wel 
belangrijker zijn dan antwoorden. 
Maarten en Lianne, jullie wil ik bedanken voor jullie inzet en enthousiasme in het 
kader van jullie hoofdvakstages. Ik hoop dat jullie bij ons op de afdeling veel hebben geleerd. 
Zeker is dat ik van jullie wel geleerd heb. Verder wil ik iedereen bedanken die ik niet met 
naam en toenaam heb genoemd maar wiens werk soms zelfs voordat ik mijn 
promotieonderzoek had gestart een bijdrage heeft geleverd bij de totstandkoming van dit 
boekje. 
Furthermore I would like to thank Prof. Dr. Ernst Bamberg and Dr. Klaus Fendler for 
giving me the opportunity to visit your laboratory in Frankfurt. We tried to measure transport 
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kinetics using your famous BLM system. Although we were not successful it was a great 
experience and maybe your new Post Doc (Jan Koenderink) will be more successful.  
I am also grateful to Prof. Dr. Masatomo Maeda, who gave me the opportunity to 
present my results described in this thesis at the University of Osaka, Japan.    
Roeland (De Grote Meneer), bedankt voor jouw artistieke bijdrage aan dit proefschrift, 
namelijk het omslagontwerp. Misschien heb ik me in het begin van dit dankwoord wel vergist 
en zal het gros van de ontvangers van dit boekje zelfs het dankwoord niet lezen en alleen jouw 
voorkant aanschouwen dit moet toch een lekker gevoel voor je zijn of niet soms! Tevens wil 
ik Annette bedanken die hoe vreemd het ook is kennelijk meer van computers lijkt te weten 
dan Roeland. Hierbij dient opgemerkt te worden dat men een omslag nu eenmaal niet in C++ 
kan maken.  
Beste Rik (Cas), toen wij beiden AiO werden in Nijmegen besloten we al snel om ook 
maar samen een flat te zoeken. Dit werd mede ingegeven doordat een eerstejaars AiO-salaris 
niet echt mogelijkheden biedt om zelfstandig te gaan wonen, maar ook doordat wij het samen 
gewoon goed kunnen vinden. De buurt heeft ons wellicht meteen aangezien voor de nichten 
van de Newtonstraat en moet de bezoekjes van Kim en Irma absoluut niet begrepen hebben. 
Wat ik nooit zal vergeten is dat jij eigenlijk zonder nadenken meteen ja zei op mijn vraag of 
Irma bij ons kon komen wonen. Cassie ik wil je bedanken voor alles en wens je veel succes 
met de afronding van jouw promotie. 
Ook mijn ouders wil ik bedanken. Pap en mam, al zullen jullie lang niet altijd 
begrepen hebben wat ik nou op dat lab uitvoerde, toch zijn jullie voor mij ook gedurende mijn 
promotieperiode erg belangrijk geweest. Jullie inspanningen hebben mij mede gemaakt tot wat 
ik nu ben. Zonder jullie steun had ik dit nooit kunnen bereiken, nogmaals bedankt!  
Irma, jij was er altijd als ik je nodig had, of het nu was om feest te vieren, of als het 
even wat minder ging. Ik weet dat ik gedurende de afronding van mijn proefschrift soms niet 
alle aandacht had voor jou. Maar wanneer alles achter de rug is hoop ik weer meer tijd vrij te 
kunnen maken voor de dingen in het leven die mij echt gelukkig maken en daarin speel jij een 
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Van 1 mei 1996 tot 1 mei 2000 was hij onder supervisie van prof. dr. Jan Joep de Pont als 
assistent in opleiding werkzaam aan de afdeling Biochemie (Medische Wetenschappen) van 
de Katholieke Universiteit Nijmegen. Tijdens het promotieonderzoek was hij betrokken bij het 
practicum biochemie voor studenten Geneeskunde en Biomedische Gezondheidsweten-
schappen en bij de begeleiding van een tweetal studenten tijdens hun stage. In 1997 nam hij 
deel aan een Symposium on ion motive ATPases te Gothenburg (Zweden), en in 1999 aan de 
IXth international conference on the Na,K-ATPase and related ATPases te Saporro (Japan). 
Tijdens deze congresbezoeken werden ook een aantal laboratoria bezocht te Kopenhagen 
(Denemarken) en Osaka (Japan). Bij dit laatste bezoek presenteerde hij een groot deel van zijn 
onderzoeksresultaten. In 1998 bracht hij een werkbezoek aan het laboratorium van prof. dr. 
Ernst Bamberg en dr. Klaus Fendler. 
Gedurende zijn promotie hield hij diverse voordrachten en posterpresentaties. Tweemaal 
mocht hij een posterprijs in ontvangst nemen, in 1998 bij een NWO-ALW symposium on 
molecular biophysics te Lunteren en in 1999 bij een symposium on drug discovery te 
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Zowel gedurende zijn studie en zijn promotie maakte hij deel uit van diverse raden en 
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